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Over  the  three-year  course  of  this  program,  several  issues  in  the  device  physics  of  resonant-tunneling 
diodes  (RTDs)  have  been  investigated,  including  the  small-signal  admittance,  the  shot  noise,  and  the 
transport  through  multiple-quantum  well  structures.  A  large  quantum-well  inductance  has  been 
measured  in  the  negative-differential-resistance  region  (NDR),  but  not  in  the  positive-differential- 
resistance  (PDR)  region.  The  microwave  shot-noise  has  been  found  to  be  suppressed  relative  to 
normal  shot-noise  in  the  PDR  region,  but  enhanced  in  the  NDR  region.  Triple-well  RTDs  have 
displayed  a  much  wider  NDR  region  in  voltage  than  conventional  single-well  RTDs.  Several  new 
RTD  material  systems  have  been  demonstrated  including  Type-II  InAs/AlSb  and  Type-I  GaSb/AlSb, 
the  first  of  which  has  yielded  excellent  properties  for  high-spi^  device  applications.  Studies  of  highly 
lattice  mismatched  InAs/AlSb  RTDs  on  GaAs  substrates  have  proven  that  the  RTD  characteristics  are 
insensitive  to  a  high  density  of  dislocations.  Finally,  these  results  have  been  incorporated  into  the 
design  of  RTDs  in  high-fr^uency  oscillators  and  high-speed  switches.  The  InGaA^AlAs  RTD  has 
been  optimized  for  application  in  a  quasioptical  fundamental-frequency  oscillator  operating  above  200 
GHz.  The  same  material  system  has  been  used  to  make  a  low-power  RTD  load  for  heterojunction 
field-effect  and  bipolar  transistors  in  high-performance  digital  integrated  circuits. 
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1.  INTRODUCTION 


This  is  the  final  report  for  the  program  entitled  "Physics  and  Technology  of  Resonant  Tun¬ 
neling,"  which  was  undertaken  from  May  1,  1989  through  April  30,  1992.  This  program  was 
designed  to  study  the  physics  and  technology  of  resonant-tunneling  devices  (RTDs)  toward 
applications  in  high-frequency  electronic  circuits.  When  the  program  began,  little  was  known 
about  the  ultimate  frequency  limits  of  these  devices  or  their  applicability  in  integrated  circuits. 
Through  the  research  carried  out  on  this  program,  the  RTD  is  now  entering  a  stage  of  applica¬ 
tion  in  two  key  areas;  (1)  as  a  high-frequency  fundamental  oscillator,  and  (2)  as  a  negative- 
resistance  load  in  digital  integrated  circuits. 

2.  PROGRAM  OBJECTIVES 

The  central  objective  of  this  program  was  to  study  the  physics  and  to  develop  the  technol¬ 
ogy  of  RTDs.  In  the  three-year  duration  of  the  program,  the  plan  was  to  investigate  transport 
mechanisms  and  other  issues  relating  to  the  device  physics  of  the  resonant-tunneling  process,  to 
develop  new  materials  technology,  and  to  incorporate  the  results  into  the  design  of  RTE>s. 
Significant  progress  has  been  made  in  each  of  these  areas. 

3.  ACCOMPLISHMENTS 
3.1.  RESONANT-TUNNEUNG  PHYSICS 

In  the  area  of  resonant-tunneling  physics,  the  small-signal  admittance  and  microwave 
current  fluctuations  of  double-‘j:/rier  structures,  as  well  as  the  transport  properties  of  multiple- 
quantum-well  (four-barrier)  structures  have  been  investigated. 

3.1.1.  Resonant-Tunneling  Admittance 

The  small-signal  admittance  of  an  RTD  has  been  measured  in  the  negative-differential- 
resistance  (NDR)  and  positive-differential-resistance  (PDR)  regions  using  a  network  analyzer. 
The  measurements  were  carried  out  on  specially  designed  double-barrier  structures  in  the 
Ino53Gao47As/ALAs  materials  system.  This  material  system  yields  the  highest  room- 
temperatxire  peak-to-valley  current  ratio  (PVCR)  of  all  known  resonant-tuimeling  systems.  The 
RTDs  were  grown  with  thick  barriers  so  that  the  intrinsic  time  constants  of  the  device  -  the 
quasibound-state  lifetime  and  the  RC  time  constant  -  were  long  enough  to  put  the  maximum 
oscillation  frequency  f^^  well  below  the  upper  measurement  limit  of  the  network  analyzer. 
However,  the  room-temperature  PVCR  (=  3.0)  was  sufficiently  high  that  the  electron  transport 
through  the  structure  was  primarily  by  resonant  tuimeling.  The  cause  of  the  low  RC  time  con¬ 
stant  is  the  low  peak  current  density  (Jp  =  100  A  cm“^).  The  low  Jp  allowed  the  RTD  to  be 
stabilized  against  all  oscillations  in  the  NDR  region,  so  that  admittance  measurement  could  be 
carried  out  in  this  region  without  confusion.  A  further  discussion  of  the  experinwntal  technique 
is  given  in  Appendix  A. 
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To  summarize  the  results,  the  admittance  in  the  NDR  region  displayed  an  inductive  nature 
consistent  with  the  expression  Lq^  =  t^/G,  where  Lqw  is  the  quantum-well  inductance,  G  is 
the  differential  conductance,  and  X|  is  the  first  quasibound-state  lifetime.  This  expression  was 
derived  at  Lincoln  Laboratory  in  a  previous  program  to  explain  anomalies  in  the  RTD  oscillator 
power.  Surprisingly,  the  admittance  in  the  PDR  region  did  not  display  an  inductive  effect. 
This  represents  the  first  observation  of  the  differing  admittance  characteristics  in  the  NDR  and 
PDR  regions.  A  tentative  explanation  for  this  difference  is  as  follows.  In  the  PDR  region 
below  the  current  peak,  the  current  arises  from  electrons  that  occupy  traveling-wave  states  in 
the  cathode  region.  Thus,  the  transmission  probability  for  such  electrons  is  described  by  the 
Breit-Wigner  model,  T  =  [r^/4]/[(E-Ei)^  +  r^/4],  where  E  is  the  electron  longitudinal  energy 
and  El  is  the  first  quasibound-state  energy.  F  is  the  width  factor  given  by  Ti  +  Fs,  where  Fi  is 
the  intrinsic  (or  natural)  width  due  to  tunneling  of  the  electron  out  of  the  quantum  well,  and  Fs 
is  the  extrinsic  width  due  to  inelastic  scattering.  For  the  Breit-Wigner  transmission  probability 
the  resonant-tunneling  traversal  time  tj  is  known  to  be  tj  =  h/7t(F j  -t-  Fs).  In  the  present  RTDs, 
Fs  »  Fi,  so  that  the  traversal  time  is  determined  by  the  inelastic-scattering  width.  In  contrast, 
the  current  in  the  NDR  region  arises  from  electrons  emanating  from  occupied  two-dimensional 
states  in  the  accumulation  layer  on  the  cathode  side.  Because  these  states  cannot  form  a 
wavepacket,  the  transmission  from  the  accumulation  layer  through  the  quantum  well  is  not 
given  by  the  Breit-Wigner  form.  Instead,  the  experiments  are  consistent  with  a  description  by  a 
resonant  form  that  is  much  narrower  in  energy  than  F^.  The  transmission  width  is  probably 
much  closer  to  Fi,  so  that  the  traversal  time  is  of  order  h/2iiF i.  The  value  of  deduced  from 
the  inductance  measured  in  the  NDR  region  is  approximately  2  ns,  compared  to  a  theoretical 
value  of  5  ns. 


5,7.2.  Current  Fluctuations 

In  general,  current  fluctuations,  or  current  noise,  is  of  interest  to  device  physicists  for  the 
following  two  reasons.  First,  the  noise  properties  often  reflect  the  underlying  transport  physics. 
Second,  the  noise  properties  often  set  absolute  limits  on  the  performance  of  devices  such  as 
amplifiers  and  oscillators.  The  research  conducted  on  this  program  on  the  shot-noise  of 
double-barrier  RTDs  has  been  illuminating  in  both  respects.  The  measurements  were  carried 
out  on  oscillator-quality  (fp,,^  >  50  GHz)  diodes  at  1  GHz,  which  is  well  above  the  1/f  knee  but 
well  below  The  noise  in  the  PDR  region  was  measured  by  standard  radiometric  tech¬ 
niques.  The  noise  in  the  NDR  region  was  derived  from  the  linewidth  of  the  oscillating  RTD. 
Measurements  were  made  on  several  RTDs,  including  GaAs/AlGaAs  and  Ino^3Gao47As/AlAs 
devices,  and  over  a  temperature  range  from  4.2  K  to  room  temperature.  The  measurements  are 
described  further  in  Appendix  B.  All  of  the  RTDs  have  shown  shot-noise  suppression  in  the 
PDR  region  and  shot-noise  enhancement  in  the  NDR  region.  The  enhancement  in  the  NDR 
region  is  consistent  with  the  relatively  high  noise  figure,  roughly  20  dB,  that  has  been  measured 
previously  in  RTD  self-oscillating  mixers.  Fortunately,  this  noise  is  not  so  high  as  to  hinder 
the  application  of  RTDs  as  local  oscillators  for  low-noise  mixers,  such  as  superconducting 
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tunnel  junctions. 

The  shot-noise  characteristics  of  RTDs  are  consistent  with  a  mechanism  called  transmis¬ 
sion  modulation.  The  basis  for  this  mechanism  is  that  electrons  stored  in  the  quantum  well 
during  the  resonant-tunneling  process  affect  the  potential  drop  across  the  RTD,  thereby  modu¬ 
lating  the  peak  energy  of  the  transmission  function  through  the  structure.  The  reason  for  the 
opposite  shot-noise  deviations  in  the  PDR  region  (below  the  current  peak)  and  the  NDR  region 
(above  the  current  peak)  is  the  sharply  resonant  nature  of  the  transmission  function.  The 
theoretical  analysis  of  these  deviations  is  carried  out  in  the  accompanying  manuscript  of 
Appendix  C. 


3.13.  Superlattice  Resonant  Tunneling 

In  the  1970s,  interest  in  resonant-tunneling  was  driven  by  the  desire  to  observe  long-range 
coherent  transport  phenomena,  such  as  Bloch  oscillations  in  superlattice  structures.  In  the 
interest  of  returning  to  this  type  of  devices,  a  triple-quantum-well  structure  has  been  fabricated 
and  tested.  The  idea  behind  this  structure  is  to  grade  the  width  of  the  quantum  wells  between 
the  cathode  and  anode  side  so  that  the  first  quasibound  energy  increases  from  well  to  well,  as 
discussed  in  Appendix  D.  In  this  case  the  electron  transmission  at  zero  bias  is  very  small 
because  of  misalignment  of  the  energy  levels.  Under  bias,  the  anode  end  of  the  structure  drops 
in  potential  energy  faster  than  the  cathode  end,  so  that  the  energy  levels  move  towards  coalign¬ 
ment.  As  this  occurs,  the  electron  transmission  coefficient  and  the  electrical  current  through  the 
structure  increase.  When  the  levels  approach  a  point  of  minimum  sq>aration  (determined  by 
the  considerations  of  degenerate  perturbation  theory),  the  transmission  coefficient  and  current 
will  reach  a  maximum.  At  higher  bias  voltages,  the  transmission  coefficient  and  current  will 
both  decrease  leading  to  an  NDR  region. 

The  advantage  of  this  type  of  RTD  is  that  the  NDR  region  is  much  broader  in  voltage 
than  that  of  the  conventional  double-barrier  RTDs.  The  double-barrier  NDR  region  arises  from 
the  lowering  of  the  transmission  resonance  below  the  occupied  states  on  the  cathode  of  the 
structure.  Because  the  transmission  resonance  is  always  very  sharp,  the  NDR  region  is  narrow. 
The  broader  NDR  voltage  range  of  the  gnuled  quantum  well  yields  a  much  higher  oscillator 
power  for  a  given  load  circuit.  The  graded  quantum-well  oscillator  discussed  in  Appendix  D 
has  yielded  five  times  the  power  of  a  double-barrier  device. 

3.2.  DEVICE  AND  MATERIALS  TECHNOLOGY 

In  the  area  of  materials  technology,  advances  have  occurred  in  the  understanding  of  exist¬ 
ing  resonant-tunneling  materials  and  in  the  development  of  new  material  systems. 

32.1.  Type-II  Resonant-Tunneling  Diodes. 

In  work  carried  out  in  collaboration  with  Prof.  Tom  McGill’s  group  at  the  California  Insti¬ 
tute  of  Technology  (Caltech),  RTDs  were  fabricated  with  InAs  quantum  well  and  cladding 
layers  and  AlSb  barriers.  InAs/AlSb  has  a  type-II  band  offset,  which  means  that  the  tunneling 
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electrons  have  an  energy  in  the  AlSb  barriers  that  is  much  closer  to  the  valence-band  edge  than 
to  the  conduction-band  edge.  As  discussed  in  detail  in  Appendix  E,  this  band  alignment  leads 
to  an  attenuation  coefficient  in  the  AlSb  barrier  that  is  about  a  factor  of  two  smaller  than  in  the 
AlAs  barrier  of  a  GaAs/AlAs  structure.  The  result  is  a  much  higher  peak  current  density  for  a 
given  barrier  thickness.  For  the  barrier  thicknesses  of  1.5  and  1.8  nm  that  were  tested,  this 
leads  to  an  increase  in  the  peak  current  density  by  a  factor  of  two  or  three.  For  example,  the 
InAs/AlSb  RTD  having  1.5-nm-thick  AlSb  barriers  displayed  a  Jp  of  2.7x10^  A  cm"^  at  room 
temperature.  Because  the  PVCR  of  this  diode  is  also  very  good,  the  available  current  density, 
AJ  (the  difference  in  the  peak  and  valley  current  densities)  was  comparable  to  that  of  the  best 
Ino.53Gao,47As/AlAs  devices  and  far  superior  to  the  best  GaAs/AlAs  devices.  The  above 
InAs/AlSb  RTD  yielded  AJ  =  2.1x10*  A  cm“^,  compared  to  about  0.5x10*  A  cm~^  in  high-Jp 
GaAs/AlAs  RTDs. 

Further  advantages  of  the  InAs/AlSb  material  system  are  the  low  resistance  and  the  favor¬ 
able  high-field  transport  properties  of  the  InAs.  The  lower  series  resistance  is  due  in  part  to  the 
nearly  ideal  ohmic  contact  that  can  be  formed  to  InAs.  By  transmission-line  methods,  the 
value  of  the  specific  contact  resistance  was  estimated  to  be  about  1x10"^  Q  cm^.  The  high- 
field  transport  is  far  superior  to  that  of  GaAs  or  even  Ino  53Gao47As  because  of  the  lower  elec¬ 
tronic  effective  mass  in  the  F  valley  and  because  of  the  large  energy  separation  (=  1  eV) 
between  the  F  valley  and  the  next  higher  valley  at  the  X  point  The  combination  of  these  fac¬ 
tors  leads  to  a  much  higher  electronic  drift  velocity  across  the  depletion  region  of  the  RTD. 
For  a  given  potential  profile,  the  electronic  drift  velocity  in  a  50-nm-long  depletion  region  is 
approximately  7x10^  cm  s“‘  for  InAs  and  2x10^  cm  s“*  for  GaAs. 

3,22.  Lattice-Mismatched  Growth 

A  detailed  study  has  been  carried  out  of  nominally  identical  InAs/AlSb  double-barrier 
structures  grown  on  InAs  and  GaAs  substrates.  The  lattice  mismatch  between  InAs  and  GaAs 
is  8%.  The  materials  growths  were  carried  out  at  Lincoln  Laboratory  following  the  initial 
demonstration  of  InAs/AlSb  RTDs  on  GaAs  substrates  at  Caltech.  Details  regarding  the  growth 
and  characterization  of  the  materials  are  given  in  the  enclosed  abstract  and  figures  in  Appendix 
F.  X-ray  diffraction  and  photoluminescence  experiments  indicated  that  the  crystalline  quality  of 
the  lattice-mismatched  sample  was  far  inferior  to  that  of  the  lattice-matched  sample.  It  was 
estimated  that  a  large  concentration  of  threading  dislocations,  Gd  >  lO’  cm~^,  permeated  the 
double-barrier  structtire  grown  on  the  GaAs.  However,  dc  electrical  characterization  showed 
little  difference  between  the  two  samples.  The  peak  current  of  the  two  samples  was  nearly 
identical,  and  the  valley  current  of  the  lattice-mismatched  sample  was  greater  by  only  20%. 

The  conclusion  of  the  study  was  that  a  large  concentration  of  threading  dislocations  does 
not  significantly  affect  the  peak  current  and  only  causes  a  small  increase  in  the  nonresonant 
excess  current  through  these  diodes.  This  opens  up  the  possibility  of  fabricating  narrow- 
bandgap,  ultrahigh-speed,  indium-bearing  RTDs  (and  perhaps  other  unipolar  devices,  such  as 
hot  electron  transistors)  on  GaAs  substrates  in  integrated  circuits.  The  difference  in  the  valley 
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current  of  RTDs  has  little  effect  on  the  device  performance,  especially  in  oscillator  applications. 
In  fact,  the  InAs/AlSb  oscillator  results  at  360  and  712  GHz  that  are  discussed  below  were 
obtained  with  RTDs  grown  on  GaAs  substrates. 

3.2  J.  Low-Current-Density  RTDs 

A  detailed  study  has  been  carried  out  on  the  dc  characteristics  of  GaAs/Alj^Ga^.^^As  RTDs 
as  a  function  of  A1  fraction  x  for  x  =  0.4  to  1.0  with  increments  of  0.1.  The  samples  were 
grown  using  the  most  up-to-date  MBE  system  at  Lincoln  Laboratory  to  ensure  good  control  of 
A1  fraction  and  the  epitaxial  growth  rate  (Varian  Gen  n  with  gas  sources).  The  dc  characteri¬ 
zation  indicated  that  for  any  given  barrier  thickness,  a  maximum  PVCR  occurs  near  x  =  0.70. 
Preliminary  theoretical  analysis  shows  that  the  optimum  A1  fraction  results  from  a  competition 
between  two  excess  current  mechanisms.  At  low  A1  fractions,  thermionic  emission  over  the  F- 
valley  barriers  dominates.  At  higher  A1  fractions,  noiuesonant  tunneling  proceeds  via  the  X- 
point  profile  of  the  double-barrier  structure. 

In  thin-barrier  RTDs,  the  maximum  PVCR  at  x  =  0.70  is  only  nrarginally  better  than  that 
at  X  =  1.0.  However  in  thick  barrier  RTDs,  the  maximum  at  x  =  0.70  is  substantially  greater 
than  the  PVCR  at  x  =  1.0.  In  fact,  for  AlAs  barrier  thicknesses  greater  than  about  3.0  nm,  the 
PVCR  vanishes  completely.  Thick-barrier  RTDs  are  useful  in  applications  that  require  low 
current  density  but  do  not  require  high  speed.  One  such  application  is  in  a  device  developed 
recently  at  Lincoln  Laboratory  •  the  monolithic  optoelectronic  transistor.  This  device  is  the 
subject  of  Appendix  G. 

32.4.  AlAs  Barriers  Beyond  the  Pseudomorphic  Limit 

Following  the  work  in  Sec.  3.2.3,  it  became  apparent  that  dislocations  arising  from  lattice 
mismatch  between  the  barriers  and  cladding  layers  may  not  significantly  degrade  performance, 
just  as  is  the  case  with  dislocations  arising  from  lattice  mismatch  to  the  substrate.  To  investi¬ 
gate  barrier  mismatch,  two  RTD  samples  were  grown  using  Ino53Gao  47AS/AIAS,  the  combina¬ 
tion  of  quantum  well  and  barriers  that  has  yielded  superior  performance.  In  this  case,  the  AlAs 
barriers  are  approximately  4%  mismatched  to  the  Inoj3Gao.47As  cladding  layers.  With  this 
mismatch,  a  single  barrier  should  remain  pseudomorphic  up  to  a  thickness  of  only  about  3.5 
nm.  With  this  in  mind,  the  barrier  thicknesses  of  the  two  samples  were  chosen  to  be  4.4  and 
5.5  nm,  respectively.  The  room-temperature  Jp  of  the  two  samples  was  approximately  150 
A  cm~^  and  1  A  cm~^,  respectively.  The  PVCR  of  the  two  sartq>les  was  rqrproximately  3.0  and 
1.5,  respectively.  The  results  support  the  conclusion  that  an  increase  in  barrier  thickness 
beyond  the  pseudomorphic  limit  causes  a  gradual  but  not  critical  degradation  in  the  RTD 
characteristics.  The  reason  for  the  gradual,  rather  than  critical,  degradation  of  RTD  characteris¬ 
tics  beyond  the  pseudomorphic  limit  is  probably  that  dislocations  in  the  barriers  do  not 
significantly  affect  the  resonant-tunneling  process.  However,  it  is  possible  that  the  pseu¬ 
domorphic  limit  as  calculated  for  thick  lattice-mismatched  layers  does  not  apply  to  thin  hetero¬ 
barriers.  This  issue  is  presently  under  investigation. 


-6- 


325.  GaSb-Based  Resonant-Tunneling  Structures 

An  RTD  has  been  demonstrated  for  the  first  time  in  the  GaSb/AlSb  material  system.  An 
NDR  effect  was  observed  only  at  temperatures  of  77  K  and  lower.  It  is  thought  that  the 
absence  of  NDR  at  room  temperature  is  caused  by  mixing  between  the  F-  and  L- valley 
envelope  states  in  the  quantum  well.  With  the  application  of  uniaxial  pressure,  the  two  states 
separate,  and  a  PVCR  of  approximately  2  is  observed  at  77  K.  Theoretical  models  are 
presently  being  developed  for  multiple-valley  resonant-tunneling  structures.  The  understanding 
of  these  structures  will  be  important  for  wide  GaAs  quantum-wells  and  for  optoelectronic  RTDs 
presently  being  designed  in  the  GaSb/AlSb  system. 

3.3.  RESONANT-TUNNELING  DEVICES 

In  the  area  of  RTD  applications,  progress  has  been  made  in  the  performance  of  RTD 
oscillators,  and  a  useful  application  has  been  identified  with  the  RTD  used  as  the  negative- 
resistance  load  to  a  high-speed  transistor. 

33.1.  InAslAlSb  RTD  Oscillators 

The  properties  of  the  InAs/AlSb  material  system  discussed  in  Sec.  3.2.1  are  very  beneficial 
in  improving  the  performance  of  RTD  oscillators.  To  demonstrate  this,  four  waveguide  oscilla¬ 
tor  circuits  were  constructed  spanning  the  frequency  range  between  100  and  750  GHz.  The 
experimental  results  are  discussed  fully  in  Appendix  H.  In  the  highest  frequency  waveguide 
circuit,  the  InAs/AlSb  RTDs  achieved  room-temperature  oscillations  up  to  a  frequency  of  712 
GHz,  which  is  the  highest  oscillation  frequency  for  any  solid-state  device  at  room  temperature. 
The  power  at  this  frequency  was  roughly  0.2  jiW.  At  a  lower  frequency  of  370  GHz  the  power 
was  approximately  3  nW  and  the  power  density  was  80  W  cm“^,  which  is  approximately  50 
times  that  of  GaAs/AlAs  RTDs  at  the  same  frequency.  These  results  were  achieved  with  a 
1.5-iun-diameter  diode  operating  at  room  temperature.  The  power  levels  could  be  increased 
roughly  10  fold  in  the  existing  resonator  by  increasing  the  diameter  of  the  diode  to  about  5 
The  rolloff  in  power  shown  in  Appendix  H  is  consistent  with  the  theoretical  fn^^  of  1.3  THz 
calculated  for  this  RTD  using  a  generalized  impedance  model  developed  in  a  previous  program. 

332.  In()j3Gao.47As/AlAs  RTD  Switches 

At  any  given  peak  current  density,  the  resonant-tuimeling  matoial  system  that  displays  the 
best  PVCR  is  Ino33Gao47As/AlAs.  Ing  53Gao>i7As/AlAs  RTDs  developed  for  this  program  typi¬ 
cally  have  eight  times  higher  PVCR  than  GaAs/AlAs  RTDs  and  about  three  times  higher 
PVCR  than  InAs/AlSb  RTDs.  This  advantage  is  very  important  in  the  application  of  RTDs  as 
switches  in  logic  and  memory  circuits  since  low  valley  current  corresponds  to  low  static  power 
dissipation.  Analytic  and  numerical  techniques  have  been  used  to  calculate  the  switching  speed 
of  the  Ino.53Gao47As/AlAs  RTDs.  The  simplest  technique  is  described  in  Appendix  I.  The 
conclusion  of  this  analysis,  as  well  as  the  more  complex  analyses,  is  that  the  fastest 
Ino.53Gao.47As/AlAs  RTDs  will  switch  between  the  peak  and  vall^  points  in  less  than  1  ps. 
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By  comparison  the  best  GaAs/AlAs  diodes  reported  to  date  are  limited  to  switching  times  of 
about  3  ps  or  higher  when  they  are  triggered  without  overdrive. 

3JJ.  Quasiopticat  RTD  Oscillator 

A  quasioptical  oscillator  has  been  developed  to  operate  at  frequencies  above  100  GHz 
using  the  improved  RTDs  developed  during  this  program.  It  is  well  known  that  conventional 
microwave  resonators  have  a  relatively  low  quality  factor  in  this  frequency  region,  which 
causes  the  FM-noise  of  any  oscillator  to  become  progressively  higher  with  frequency.  To  solve 
this  problem,  the  low-Q  waveguide  resonator  used  for  the  RTD  demonstrations  has  been  cou¬ 
pled  to  a  very  high-Q  semi-confocal  open  resonator  like  those  used  in  lasers.  The  quasi-optical 
oscillator  was  demonstrated  in  the  frequency  range  100  to  1 10  GHz  using  the  most  powerful 
Ino.53Gao.47As/AlAs  RTDs.  These  results  are  discussed  in  detail  in  Appendix  J.  The  major 
benefit  is  a  reduction  in  the  overall  oscillator  FM-noise  linewidth  by  a  factor  of  over  100  fi'om 
approximately  1  MHz  (for  the  waveguide  oscillator  alone)  to  10  kHz  (for  the  waveguide  reso¬ 
nator  coupled  to  the  semi-confocal  resonator).  In  addition,  the  oscillator  is  easily  and  precisely 
tuned  by  varying  the  length  of  the  semi-confocal  resonator.  The  oscillator  output  power  is  not 
significantly  affected  by  coupling  to  the  quasioptical  resonator. 

3.33.  Planar  RTD  Slot  Oscillator 

A  planar  quasioptical  oscillator  has  been  demonstrated  using  the  same  operating  principles 
as  in  the  waveguide  quasioptical  oscillator  discussed  above.  In  the  planar  design,  discussed  in 
Appendix  K,  the  RTD  is  part  of  a  monolithic  integrated  circuit  in  which  a  low-Q  slot  resonator 
plays  the  role  of  the  waveguide  resonator.  In  principle  the  low-Q  slot  resonator,  like  the 
waveguide  resonator,  facilitates  the  start  up  of  the  oscillations.  However,  it  yields  a  relatively 
noisy  oscillator  power  spectrum  and  a  broad  antenna  pattern.  In  the  quasioptical  oscillator,  the 
slot  resonator  is  locked  on  to  the  TEMqon  mode  of  the  high-Q  quasioptical  resonator,  thereby 
narrowing  the  line.  The  antenna  pattern  is  also  improved.  This  design  was  demonstrated  in  a 
10-GHz  scale  model,  and  the  desired  frequency  narrowing  properties  were  observed.  The  key 
advantage  of  the  planar  approach  over  the  waveguide  is  that  it  allows  for  a  vast  increase  in  the 
oscillator  power  by  combining  many  RTD-slot  N  elements  in  a  two-dimensional  planar  array. 
In  this  case,  the  frequency  narrowing  property  of  the  high-Q  resonator  will  act  to  synchronize 
all  of  the  elements  in  the  array  and  will  thus  provide  an  output  power  roughly  N  times  that  of  a 
single  element  In  addition,  the  dc  power  will  be  distributed  across  the  elements  of  the  array, 
avoiding  the  thermal  problems  that  have  plagued  high-power  solid-state  sources  in  the 
millimeter-wave  region. 


3.3.4.  RTD  Parallel  Arrays 

Another  way  to  increase  the  power  from  the  standard  double-barrier  RTD  oscillator  is  to 
combine  many  diodes  in  parallel  on  chip  to  create  an  overall  I-V  characteristic  with  much 
higher  peak  current  This  cannot  be  done  with  a  single  device  because  of  destructive  heating 
caused  by  the  high  current  The  successful  combination  of  25  parallel  diodes  is  discussed  in 
Appendix  L.  This  parallel  array  was  used  to  obtain  an  output  power  of  S  mW  at  a  frequency 
above  1  GHz. 


3.3  J.  RTDs  as  Loads  in  Digital  Circuits 

At  the  beginning  of  this  program,  there  was  a  high  level  of  interest  in  the  resonant¬ 
tunneling  transistor  (RTT).  Work  at  AT&T  and  Texas  Instruments  had  led  to  a  bipolar  RTF 
showing  the  attractive  property  of  negative  transconductance.  In  previous  programs,  the  effort 
at  Lincoln  Laboratory  had  been  directed  toward  a  unipolar  RTT.  The  results  were  not 
encouraging.  The  first  version  of  the  unipolar  RTT  consisted  of  a  standard  double-barrier  struc¬ 
ture  with  an  ohmic  contact  on  the  quantum  well  to  form  the  base.  This  version  proved  very 
difficult  to  fabricate  and  was  abandoned.  The  second  version  consisted  of  two  double-barrier 
structures  separated  by  a  wide  quantum  well.  The  added  width  of  the  quantum  well  was 
thought  to  facilitate  the  formation  of  the  base  ohmic  contact  However,  it  greatly  hindered  the 
transport  between  the  emitter  and  the  collector,  resulting  in  poor  current  gain. 

An  alternative  approach  is  to  separate  the  double-barrier  structure  from  the  transistor  and 
use  it  as  a  load  for  more  conventional  high-performance  transistois.  One  advantage  of  this 
approach  is  that  it  allows  the  RTD  to  be  used  with  either  vertical  or  lateral  transistors.  In 
either  case,  it  can  operate  with  comparable  speed  but  much  lower  static  power  than  conven¬ 
tional  (transistor-load)  approaches.  This  approach  also  provides  much  greater  noise  margins. 
Numerical  simulations  have  been  carried  out  with  the  RTD  acting  as  a  load  element  for 
heterostructure  field-effect  transistors  (HFETs)  and  heterojunction  bipolar  transistors  (HBTs). 
The  HFET  results  are  summarized  in  Appendix  M,  and  the  HBT  results  are  given  in  Appendix 
N.  For  the  HFET/RTD  configuration,  the  static  power  is  approximately  six  times  lower,  the 
static  noise  margins  are  approximately  three  times  higher,  and  the  propagation  delay  is  approxi¬ 
mately  twice  that  of  conventional  direct-coupled  FET  logic. 

4.  REVIEW  ARTICLES 

During  the  course  of  this  program,  several  review  articles  have  been  written.  The  first, 
entitled  "High-Frequency  Applications  of  Resonant-Tunneling  Devices",  appears  as  Appendix  O 
and  concentrates  on  the  microwave  and  millimeter-wave  applications  of  RTDs.  It  includes 
several  results  not  published  anywhere  else,  such  as  experimental  results  of  the  RTD  as  a  self- 
oscillating  mixer.  The  second  article,  entitled  "High-Frequency  Resonant-Tunneling  Oscilla¬ 
tors,"  appears  as  Appendix  P  and  focuses  on  the  millimeter-  and  submillimeter-wave  oscillator 
results.  The  third  article,  entitled  "Resonant-Tunneling  in  High-Speed  Double-Barrier  Diodes," 
appears  as  Appendix  Q.  It  emphasizes  the  physical  principles  of  resonant  tunneling  and  is 
designed  to  serve  as  a  useful  pedagogical  introduction  to  resonant  tunneling  at  the  advanced- 
undergraduate  or  first-year-graduatc  level.  The  fourth  article,  entitled  "High-speed  resonant- 
tunneling  diodes,"  appears  as  Appendix  R.  This  article  concentrates  on  device  physics,  particu¬ 
larly  high-frequency  effects.  It  includes  several  previously  unpublished  discussions  of  the 
effects  of  resonant-tunneling  traversal  time  and  depletion-layer  transit  time  on  the  high- 
frequency  performance  of  RTDs. 
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5.  PROFESSIONAL  PERSONNEL 

Over  the  course  of  this  program,  the  following  personnel  were  involved  to  some  degree 
in  the  research  effort; 


Name 

Contribution 

E.R.  Brown 

Resonant-tuimeling  device  design,  testing,  and  analysis. 

T.C.L.G.  Sollner 

Device  design  and  analysis. 

C.D.  Parker 

Device  packaging  and  high-frequency  testing. 

A.R.  Calawa 

Materials  science  and  MBE  growth. 

M.J.  Manfra 

MBE  growth. 

W.D.  Goodhue 

MBE  growth  and  fabrication. 

S.J.  Eglash 

Materials  science  and  Sb-based  MBE  growth. 

C.L.  Chen 

RTD  device  fabrication. 

K.M.  Molvar 

Device  fabrication. 

In  addition,  an  MIT  student,  John  Paul  Mattia,  carried  out  the  research  for  a  Master’s 
thesis,  entitled  "AC  Characterization  and  Modeling  of  Resonant-Tunneling  Diodes,"  between 
the  period  December  1990  and  September  1991.  In  June  1992,  he  was  awarded  an  MIT  Mas¬ 
ter  of  Science  degree  for  this  work. 


-  10- 


6.  INTERACTIONS 


6.1.  CONFERENCE  PAPERS 

The  following  is  a  list  of  papers  given  by  the  above  personnel  in  the  period  1  May  1989 
through  30  April  1992  on  subjects  relevant  to  this  program: 


Authors 

Meeting 

(Location,  Date) 

Title 

Brown 

Hot  Electrons  in  Semiconductors 
(Tempe,  AZ,  July  1989) 

"High-speed  resonant 
tunneling" 

Sollner,  Brown,  Parker, 
Goodhue 

NATO  Advanced  Study  Institute 
(Castera,  France,  Sept  1989) 

"High-frequency 
applications  of  resonant 
tunneling  devices" 

Brown,  Parker,  Calawa, 
Manfra,  Sollner,  Chen, 
Pang,  Molvar 

SPIE  Symposium  on  High-Speed 
Electronics  and  Device  Scaling 
(Newport  Beach,  CA,  March  1990) 

"High-speed  resonant¬ 
tunneling  diodes  made 
from  the  Inoj3Gao47As/ 
AlAs  material  system" 

Sollner,  Brown,  Parker, 
Goodhue 

NATO  Workshop  on  Resonant  Tunneling 
(El  Escorial,  Spain,  May  1990) 

"High-frequency 
oscillators  based  on 
resonant  tunneling" 

Brown,  Parker,  Mahoney, 
Soderstrom,  McGill 

Device  Research  Conference 
(Santa  Barbara,  CA,  June  1990) 

"Room-temperature 
oscillations  up  to  675 
GHz  in  InAs/AlSb 
resonant-turmeling 
diodes" 

Sollner 

GaAs  IC  Symposium 
(New  Orleans,  LA,  Oct  1990) 

"Resonant-tunneling 
devices  and  circuits" 

Sollner 

Advanced  Heterostructure  Transistors 
(Kona,  Hawaii,  Dec.  1990) 

"Resonant-tunneling 
devices  and  circuits" 

Brown,  Parker,  Calawa, 
Manfra 

Device  Research  Conference 
(Boulder,  CO,  June  1991) 

"Low  shot  noise  in 
high-speed  resonant- 
turmeling  diodes" 

Brown,  Hollis,  Smith, 
Wang,  Asbeck 

International  Solid-State 

Circuits  Conference 

"Resonant-tunneling- 
diode  loads:  speed  limit 
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Sollner,  Brown,  Calawa, 
Chen,  Fonstad,  Goodhue, 
Mathews,  Sage,  Smith 

Brown,  Parker,  Molvar, 
Calawa,  Manfra 


(San  Francisco,  CA,  Jan.  1992) 


Workshop  on  Quantum-Effect  Physics 
(Cairo,  Egypt,  Jan.  1992) 


NASA  Space  Terahertz 
Symposium 

(Ann  Arbor,  MI,  March  1992) 


and  applications 
in  fast  logic" 

"Resonant-tunneling 
diode  circuits" 


"A  quasioptical 
resonant-tunneling 
oscillator  operating 
above  200  GHz" 
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6.2.  UNIVERSITY  AND  INDUSTRIAL  SEMINARS 

Several  university  and  industrial  seminars  have  been  given  under  the  support  of  this  pro¬ 
gram.  All  were  on  the  subject  of  either  high-speed  resonant-tunneling  diodes  or  the  physics 
and  technology  of  resonant  tunneling.  In  each  case,  the  host  organization  requested  that  the 
speaker  emphasize  specific  technical  aspects  of  resonant  tunneling. 


Speaker 

Host  Organization 
(Location,  Date) 

Technical  Emphasis 

Brown 

AT&T  Bell  Labs 
(Murray  Hill,  NJ,  June  1989) 

Quantum-transport  effects 

Sollner 

Caltech 

(Pasadena,  CA,  Feb.  1990) 

RTD  applications 

Brown 

Purdue  University 
(Lafayette,  IN,  Nov.  1990) 

In-bearing  RTD  structures 

Sollner 

Georgia  Tech  Univ. 

(Atlanta,  GA,  Nov.  1990) 

RTD  applications 

Brown 

Cornell  University 
(Ithaca,  NY,  Jan.  1991) 

Resonant-tunneling  physics 

Sollner 

MTT 

(Cambridge,  MA,  Jan.  1991) 

RTD  applications 

Sollner 

Univ.  of  Illinois 
(Champaign,  IL,  April  1991) 

RTD  applications 

Brown 

Univ.  Connecticut 
(Storrs,  CT,  Oct.  1991) 

Resonant-tunneling  noise 

Brown 

Tektronix 

(Beaverton,  OR,  Nov.  1991) 

Resonant-tunneling  switches 

Brown 

Univ.  of  Virginia 
(Charlottesville,  VA,  April  1992) 

Resonant-tunneling  transistors 
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6.3.  COLLABORATIONS 

Over  the  course  of  this  program,  the  following  collaborations  have  been  established  with 
organizations  outside  of  MTT  and  Lincoln  Laboratory: 


Organization 

Investigator 

Research  Project 

Stanford  Univ. 

Prof.  Jim  Harris 

Dr.  Edmund  Wolak 

RTD  Modeling 

Caltech 

Prof.  Tom  McGill 

Dr.  Jan  Soderstrom 

InAs/AlSb  RTDs 

Univ.  of  Massachusetts 

Prof.  Karl  Stephan 

Planar  and  high-power  RTDs 

Purdue  University 

Prof.  Robert  Gunshor 

InSb/Mi.Te  heterostructures 

Rockwell  Science  Center 

Dr.  Peter  Asbeck 

Dr.  K.C.  Wang 

RTD  loads  for  HFET  and 
HBT  integrated  circuits 

Northeastern  University 

Prof.  Charles  Suiya 

1/f  noise  in  RTDs 

U.C.  Santa  Barbara 

Prof.  Jim  AUra 

High-frequency  planar  RTDs 

University  of  Virginia  Prof.  Michael  Shur 

Prof.  Bill  Peatman 


A  new  approach  to  resonant¬ 
tunneling  transistors 


APPENDIX  A 


Draft 

Small-Signal  Admittance  Measurement  and  Modeling  of  the 
Resonant-Tunneling  Diode 

J.  P.  Mattia,  E.  R.  Brown,  A.  R.  Calawa,  and  M.  J.  Manfra. 

Abstract 

An  admittance  measurement  of  a  resonant-tunneling  diode  made  from  the 
Ino.B3Gao.47 As/ AlAs  material  system  is  presented.  The  admittance  in  the  positive  differen¬ 
tial  resistance  (PDR)  region  is  found  to  be  only  a  weak  function  of  frequency.  In  contrast, 
the  admittance  in  the  negative  differential  resistance  (NDR)  region  is  a  strong  function  of 
frequency  and  is  consistent  with  the  presence  of  a  quantum-well  inductance.  A  coupled- 
quantum- well  model  is  proposed  to  explain  the  difference  between  the  behavior  in  the  NDR 
and  PDR  regions. 
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Resonant- tunneling  diodes  (RTDs)  have  shown  great  promise  in  both  high-speed  switch¬ 
ing  [1]  and  high-frequency  oscillator  applications  (2].  However,  the  speed  of  the  RTD 
has  made  its  small-signal  characterisation  more  difficult.  In  devices  that  are  designed 
for  high-frequency  operation,  significantly  reduced  values  of  peak-to-valley  current  ratio 
(PVCR)  must  be  accepted  in  order  to  obt^  stability  in  the  NDR  re^on.  Previously 
reported  admittance  measurements  have  been  taken  from  devices  manufactured  from  the 
Gsiks/AlGaAs  material  system.  These  devices  have  been  either  unstable  In  the  NDR  re|pon 
with  a  high  PVCR  [3,  4,  5],  or  stable  with  no  NDR  [6].  In  order  to  obtidn  stability  with 
a  high  PVCR,  we  have  fabricated  low-current-density  double-barrier  RTDs  made  from  the 
Ino.s3Gao.47 As/ AlAs  material  system. 

The  Ino.s3Gao.47As/AlAs  RTDs  were  fabricated  using  molecular  beam  epitaxy  on  n'*'- 
InP  substrates.  A  5000-A-thick  heavily  doped  (n-type,  2  X  10^*  cm~*  Si)  Ino.s9Gaa47As 
layer  was  grown  first,  followed  by  a  1000-A-thkk  lightly  doped  (n-type,  2  X  10**  cm”*) 
Ino.ssGao.47As  spacer  layer.  This  spacer  layer,  which  is  on  the  anode  side  of  the  BTD, 
is  designed  to  have  a  dq>Ietion-layer  capacitance  that  is  much  smaller  than  the  parallel- 
plate  capacitance  of  the  double-barrier  structure.  The  double-barrier  structure  was  then 
grown  and  consisted  of  nnd<q;>ed  45- A-tUck  AlAs  barriers  and  a  55-A-thick  lo^usOansrAs 
quantum  wdL  Above  the  double-barrier  structure,  a  lOO-A-thkk  li^tly  doped  (n-type, 
2  X 10**  cm~*  Si)  LioissGaasTAs  spacer  layer  was  d^osited  followed  by  a  final  4000-A-thick 
layer  of  heavily  doped  (n-type,  2  x  10**  cm~*  Si)  hio.s3Gaa47As  constituting  the  cathode 
of  the  device.  Ohmic  contact  was  made  with  a  Pd/Ge/Au  metallisation  sintered  at  400*C 
for  30  s,  and  square  mesas  having  an  area  of  64  /on*  were  defined  by  wet  etching  using 
the  metal  as  a  self-aligned  masL  After  fabrication,  250x250  $an  dies  were  mounted  in  a 
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microwave  coaxial  package,  and  a  mesa  was  contacted  by  a  fine  wire. 

The  admittance  was  obtained  from  one-port  measurements  of  the  reflection  coefficient 
Sii  using  a  network  analyser.  Although  data  were  obtained  up  to  10  GHs,  all  of  the  inter¬ 
esting  feattires  in  the  data  occur  below  900  MHs.  Sn  was  measured  with  -30  dBm  incident 
power  (corresponding  to  a  rf  voltage  ampHtude  of  approximately  7  mV)  and  was  converted 
into  an  equivalent  admittance.  An  important  aspect  of  the  measurement  is  establishing 
the  reference  plane  of  the  network  analyser.  This  calibration  was  carried  out  by  using 
an  Ino.63Gao.47As/AlA8  RTD  from  a  separate  wafer,  identical  in  all  respects  to  the  device 
described  above  except  that  it  had  55-A-thick  barriers.  The  lower  conductance  resulting 
from  the  thicker  barriers  of  the  device  enabled  the  direct  measurement  of  capacitance  by 
a  conventional  LCR  impedance  bridge  (HP  4275).  At  low  biases,  the  cs^itance  of  both 
the  45- A-  and  55-A-barrier  devices  is  nearly  identical  because  it  is  primarily  determined 
by  the  depletion-layer  capacitances.  Therefore,  we  chose  the  reference  plane  so  that  the 
high-frequency  susceptance  measured  on  the  45-A-barrier  devices  at  low  bias  was  identical 
to  that  inferred  from  the  impedance-bridge  measurements  of  the  55- A-bairier  derices. 

The  current-voltage  (I-V)  curve  of  the  45-A-barrier  device  at  300  K  is  shown  in  Fig.  1. 
The  PVCR  is  3.45,  and  the  device  is  stable  in  the  NDR  re^on.  In  Fig.  2(a),  the  adndttance 
is  shown  as  a  function  offrequency  for  a  bias  voltage  IV  =  1>4  V  in  the  PDR  rei^oo.  Theac 
conductance  agrees  with  the  dc  differential  conductance  from  the  I-V  data  to  within  a  few 
percent.  The  conductance  is  practically  independent  of  frequency  up  to  900  MHs,  and  this 
behavior  was  characteristic  of  all  biases  in  the  PDR  re^on.  The  ac  suscqttance  in  Fig.  2(a) 
is  linear  with  frequency  and  is  equal  to  uCot  ^here  Cd  =0.19/iF  cm~*  is  the  ejected 
depletion-layer  capacitance.  Ikom  these  plots,  we  conclude  that  the  device  admlttsmce  in 
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the  PDR.  region  it  modeled  quite  well  by  n  parallel  connection  n  resutor  and  capacitor. 

The  admittance  in  the  NDR  reckon  it  remarkably  di/Terent.  Figure  2(b)  thowt  the 
admittance  for  Vp  =  1*72  V.  Below  rou|^y  150  MHs,  both  the  conductance  and  the 
tusceptance  increase  rapidly  with  frequency.  Above  150*200  MHs,  the  conductance  and 
tuaceptance  continue  to  Increase,  but  much  leas  rapidly.  This  bdia^or  is  consistent  with 
the  model  of  Brown  e<  at.  [7],  shown  in  the  inset  of  Fig.  2(b),  in  which  a  "quantum-well 
inductance"  Lqw  =  rfG  it  placed  in  series  with  the  dc  differential  conductance  G.  Using 
the  depletion  approximation,  the  depletion-layer  susceptance  uCd  in  the  NDR  region  is 
obtained  by  extrapolating  the  capacitive  susceptance  measured  in  the  PDR  region.  This 
component  is  subtracted  from  the  data  in  Fig.  2(b)  and  the  remaining  admittance  is  pven 
by  the  solid  curve  in  Fig.  3.  Since  this  curve  represents  the  series  comidnation  of  Lqw  and 
G  as  shown  in  the  Fig.  3  inset,  we  compare  the  data  to  the  expected  admittance 

^**^~1-Kwt  l-|-(fa»r)*  ***^1 (uft)*  * 

The  susceptance  in  this  expression  has  a  maximum  at  the  frequency  w  =  l/r,  which  implies 
that  r  =s  1.5  ns  for  the  solid  curve  in  Fig.  3.  This  value  of  r  is  comparable  to  the  r  of 
5  ns  estimated  from  the  coherent  theory  of  resonant  tnnnding.  Uring  r  =  1.6  ns  and  G  as 
inferred  from  the  1*V  characteristic  Fig.  1,  we  obtain  the  dadied  cmve  in  Fig.  3.  If  we 
instead  use  a  lower  value  of  G  that  provides  agreement  between  the  maThnnm  s\ucq>tance 
in  (1)  and  the  mxTimwm  measured  susceptance,  we  find  the  dotted  curve  in  Fig.  3.  The 
discrepancy  between  the  dashed  and  experimental  curves  is  lik^f  caused  by  the  excess 
conductance  from  a  leakage  current  mechanism  in  the  diode,  wUdi  is  not  accounted  for  in 
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the  model  described  below. 


In  Fig.  4  we  plot  the  sosceptance  for  several  biases  around  the  peak  voltage  of  1.70  V. 
The  capacitive  susceptance  has  agidn  been  subtracted  from  the  measured  admittance  for 
each  curve.  For  each  bias,  the  vertical  scale  is  the  same  but  the  orifd^  has  been  offset  for 
clarity.  Since  the  frequency  of  the  susceptance  peak  occurs  at  l/(2rr),  we  can  conclude 
from  the  data  in  Fig.  4  that  the  effective  lifetime  is  changing  rapidly  with  bias  in  the  ND& 
region. 

We  can  qualitatively  explain  the  dramatic  difference  between  the  PDR  and  NDR  regions. 
Under  large  applied  bias,  there  are  two  quantum  wells  present  in  the  active  region  of  the 
device.  One  is  the  double-barrier  quantum  well  (OBQW).  The  other  is  an  accumulation- 
layer  quantum  well  (ALQW)  that  exists  on  the  cathode  side.  Though  s^arated  by  a  thick 
bsurrier,  the  two  wells  are  coupled,  and  we  must  consider  the  quasibound-state  energy  and 
probability  density  in  both  wells  to  understand  the  electron  transport.  Shown  in  Fig.  5  is  a 
model  of  the  coupled  quantum  wells  with  a  bias  in  the  NDR  region.  For  simplicity,  we  have 
assumed  that  there  is  only  one  quasibound  state  associated  with  each  quantum  welL  The 
two  lowest  states  have  ener^es  Ei  and  E|  and  associated  wavefimctions  ^  and  The 
conduction-band  edge  in  the  neutral  cathode  and  neutral  anode  arc  denoted  by  Eq  suid 
respectively.  Not  depicted  in  the  figure  arc  the  extended  states  in  the  cathode,  which  we 
denote  by  Ve¬ 
in  the  PDR  rc^on,  Ej  >  Ec  and  Ei  <  Ec.  The  state  with  energy  Ei  roughly  corresponds 
to  an  accumulation-layer  state  that  would  occur  in  the  presence  of  a  thick  sin^e  barrier.  A 
numerical  calculation  of  Vi  [8]  indicates  that  this  state  has  a  hi|^  amphtude  in  the  ALQW 
but  practically  no  amplitude  in  the  anode  ref^on,  so  that  electrons  occupying  Ei  have  a 
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low  probability  of  tiumeling  out.  The  next  state,  is  a  traveling  wave  in  the  cathode  and 
anode,  although  most  of  its  probability  density  concentrated  in  the  DBQW.  In  the  PDR 
region,  resonant  tunneling  proceeds  through  this  level  and  is  directly  affected  by  scattering. 
If  we  assume  that  the  scattering  is  characterised  by  a  perturbation  Hamiltonian  then 
the  transition  rate  from  ^  to  is  proportional  to  according  to  Fermi's 

Golden  Rule.  This  rate  is  potentially  very  fast,  since  both  ^  and  ^  have  significant 
amplitude  over  the  entire  cathode  region.  Thus,  electrons  in  states  that  only  had  a  small 
probability  of  transmission  in  the  absence  of  scattering  can  have  a  large  probability  in 
the  presence  of  scattering.  As  a  result,  the  transmission  function  is  broadened  in  energy, 
which  is  consistent  with  previous  models  of  incoherent  resonant  tunneling  [9,  iQ].  From  the 
uncertainty  principle,  the  lifetime  of  the  state,  r,  is  inversely  related  to  the  width  ct  the 
transmission  resonance.  Therefore,  the  inductive  component  is  greatly  dhidnished  in  the 
PDR  rei^on,  assuming  that  Lqw  remains  proportional  to  r. 

In  the  NDR  re^on  E3  drops  below  Ec«  and  ^  and  interchange  character,  as  depicted 
in  Fig.  5.  In  this  case,  ^  is  localised  in  the  DBQW  and  ^  is  localised  in  the  ALQW.  For 
this  bias,  has  some  probability  of  tunnding  into  the  anode,  while  ds  has  practically  no 
probability.  The  matrix  element  'rill  ^  fairly  small,  since  the  two  wavefunctions 

are  localised  in  different  r^ons.  The  small  matrix  dement  implies  that  the  dc  di 
transition  is  relatively  slow.  There  is  an  alternative  mechanism  that  involves  two  traxuitions. 
Since  ds  *  hi|d^er  probability  density  in  the  accumulation  layer,  the  dc  transition 
is  faster  than  the  do  di  transition.  However,  since  ds  has  a  small  probdnlity  density  in 
the  amode,  electrons  must  make  another  trsmsition  to  di  before  tunnding  into  the  anode. 
The  rate  of  the  second  transition  is  proportional  to  |(di|.ff'|di)|’.  Since  the  matrix  dements 
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for  both  the  one*  and  two-  step  processes  are  likeljr  to  be  less  than  the  matrix  element  of  the 
dominant  transition  in  the  PDR  re^on,  we  expect  that  the  effective  lifetime 

should  be  much  longer  in  the  NDR  ref^on.  The  change  in  the  time  constant  observed  in 
Fig.  4  could  be  explained  either  by  the  voltage  dependence  of  the  wavefunctions  or  by  a 
voltage  dependence  of  a  perturbation  Hamiltonian. 

In  conclusion,  we  have  measured  the  small-signal  admittance  of  a  thick-barrier 
Ino.8sGao.47 As/ AlAs  RTD.  We  found  that  the  admittance  of  the  RTD  in  the  PDR  region 
has  only  a  weak  dependence  on  frequency.  In  contrast,  the  admittance  in  the  NDR  region 
has  a  strong  frequency  dependence  and  was  accurately  modeled  by  a  series  combination  of 
an  inductance  and  conductance,  both  in  paralld  with  a  capacitance.  We  have  qualitatively 
explained  these  results  in  terms  of  a  coupled-quantum- well  model 

The  authors  wish  to  thank  A.  L.  McWhorter  and  R.  A.  Murphy  for  helpful  comments, 
C.  D.  Parker  for  packaging  the  devices,  K.  M.  Molvar  for  processing,  and  D.  J.  Landers  for 
bonding  work.  This  work  was  sponsored  by  the  Department  of  the  Air  Force. 
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Figure  Caption*. 


Figure  1.  Current  density  (s<did-curve)  and  dc  conductance  (dashed  curve)  as  a  function  of 
bias  voltage.  The  two  dots  on  the  solid  curve  at  1.4  V  and  1.72  V  illustrate  the  bias  points 
for  the  measurements  of  Fig.  2. 

Figure  2.  Conductance  (solid)  and  susceptance  (dashed)  as  a  function  of  frequency,  (a) 
PDR,  bias  voltage  =  1.4  V.  (b)  bias  voltage  =  1.72  V.  The  complete  equivalent  circuit 
model  is  shown  in  the  inset. 

Figure  3.  Susceptance  curves  for  a  bias  voltage  of  1.72  V.  The  solid  line  is  the  measured 
data  of  Fig.  2(b)  after  subtraction  of  the  depletion-layer  susceptance.  The  equivalent  circuit 
model  is  shown  in  the  inset.  The  dashed  line  uses  the  dc  conductance  in  the  model,  and 
the  dotted  line  uses  a  conductance  which  results  in  a  modded  maximum  susci^tance  value 
equal  to  the  measured  value. 

Figure  4.  Measured  susceptance  curves  after  subtraction  of  the  depletion-layer  susc^tance 
for  several  biases  around  the  peak  voltage  1.70  V. 

Figure  5.  Coiq>led-quantum-wdl  model  for  the  RTD  biased  in  the  NDR  r^oo.  Et  and 
Ej  are  the  two  lowest  quasibound  levels.  Ec  and  E^  are  the  conduction-band  edges  in  the 
neutral  cathode  and  anode  re^ons  respectively. 
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APPENDIX  B 


I  ELECTMN  OeVlCES.  VOL  M.  NO.  I>.  OECEMBCIt  IfH 


We  have  fabriciied  a  variel/  of  planar  coupled  quantum  wires 
with  different  lengths  and  widths  utin|  electron-beam  lithography 
gn  a  AIGaAs/GaAs  MODFET  sKucturc  (Af,  ■>  7  x  lO"  cm~*  and 
'  •>  170,000  em'/V  *  I  at  4  K|.  The  key  feature  in  these  devices 
is  the  30-nm- wide  mkSdie  gate  fabricated  using  a  single-pau  e*bcam 
lithography  technique.  The  middle  gate  is  widened  outside  of  the 
coupled  region  to  prevent  interaction  in  the  extrinsic  device.  Oe* 
vice  processing  consists  of  mesa  isolation,  ohmic  contact  formation 
to  allow  individual  access  to  the  input  and  output  of  each  wire,  and 
a  combination  of  UV  and  e-beam  lithography  for  gate  formation. 

The  coupled  quantum  wires  have  been  charactetued  at  300  and 
4  K.  By  monitoring  the  current  through  the  various  terminals,  ure 
have  identilled  the  regime  in  which  twoquantum  wires  are  formed. 
Controlling  the  middle  gale  vohage,  we  can  vary  the  level  of  in¬ 
teraction  of  the  two  wires,  from  complete  isolation  to  merging  into 
a  very  wide  wire  whose  boundaries  are  the  side  gates.  At  low  tem¬ 
peratures,  we  observed  conductance  steps  in  each  wire  separately 
at  r  1.7  K,  confirming  quasi-ballistk  ID  transport  (L  ^  O.S 
pm).  We  then  biased  the  middle  gale  so  as  having  the  two  quantum 
wires  separated  by  a  narrow  tunneling  barrier.  Current  from  one 
wire  to  the  other  was  studied  in  a  configuration  in  which  the  device 
is  essentially  an  FET  with  a  quantized  ID  source  and  drain.  We 
observed  strong  oscillations  in  the  current  transversing  the  middle 
gate  as  a  function  of  the  drain  wire.  The  oscillations  disappeared 
at  high  Pos  (a  I  mV),  high  temperatures  (a  10  K).  and  for  very 
negative  middle  gate  biases,  indicating  that  this  is  a  tunneling  cur¬ 
rent  whose  features  might  derive  from  the  ID  rlcnsity  of  states 
structure  of  the  drain. 

In  summary,  we  have  fabrictfed  for  the  first  linte  two  planar 

•sntum  wires,  whose  coupling  can  be  controlled  through  the  field- 
M  action  of  a  gate.  Our  split-gate  coupled  wire  scheme  provides 
a  new  architecture  to  study  electron  intenction  in  low-dimen- 
|ions1ity  systems.  This  work  might  lead  to  the  conception  of  new 
electron  devices  with  enhanced  functionality. 
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VB-2  Avnianche  Electron  EnRlcr  Arrays  Using  SI  Ultra- 
Shallow  p-n  Junctions— lung  Y.  Ea*.  Yicbeng  La,  Dazhong 
Zhu**,  and  B.  Lalevic,  Depanineni  of  Electrfcal  and  Computer 
Engineering,  Rutgen  Univeisiiy,  P.O.  Bos  909,  PiscaUway.  NJ 
0885S:  Robert  I.  Zeio,  U.S.  Amy,  Elecuooica  Technology  and 
Devices  Laboratory.  Fort  Mommouth,  Nl  07703. 

Recently,  vacuum  microclectroaic  devices  have  been  studied  in¬ 
tensively  in  order  to  overcome  the  innsil-liroe  limitations  while 
keeping  all  the  advantages  of  silicon  integrated  circuits.  In  this  ab¬ 
stract  we  report  a  silicon  avalanche  electron  emkter  array  using 
ultra-shallow  p-n  junctUms  biased  in  the  avataiKhe  region. 

The  devices  were  fabricated  on  a  p*  epilayer  grown  on  p*  sub¬ 
strates.  The  p*  region  formed  in  the  top  of  the  p'  epilayer  defines 
the  cold-cathode  psitem.  The  ulirathia  n**  layer  forms  a  shallow 
^^unctiort  and  a  current  channel  connecting  the  cathode  and  the 
^Vnact.  Different  size’s  cathodes  with  diameters  ranging  from 
S-40  pm  and  different  shapes  of  siagle  cathodes  and  arrayed  cath¬ 
odes  were  fabricated.  Under  a  vacuum  of  I  x  10**  torr  the  emis¬ 
sion  current  was  collected  by  applying  poriiive  vohage  to  the  ei- 
lemal  anode  which  was  located  shout  I  mm  above  the  cathode. 


With  larger  area  cathodes  the  cmissioo  current  is  confined  to  the 
perimeter  regioo  of  the  cathodes.  As  the  diameter  rtccrcases  to  S 
pm,  the  emission  approached  uniformity.  The  emission  current  was 
investigated  as  a  function  of  reverse  bias,  anoric  collecting  vohage. 
cathode  diameter,  and  number  of  arrayed  single  cathodes  simulta¬ 
neously  biased.  The  electron  emission  starts  with  the  onset  of  av¬ 
alanche  breakdown.  At  the  fixed  anode  vohage,  the  emusioit  cur- 
reru  increases  linearly  with  iiwreasing  reverse-bias  voltage  of  the 
diode  until  it  reaches  the  peak.  With  foither  increase  in  the  bias 
vohage.  emission  current  decreases.  This  can  be  attributed  to  the 
current-crowding  effect.  The  cmisskm  cumnl  initially  increases 
with  increasiag  anode  vdhage.  in  agreement  with  the  Langmuir' 
Child  Law.  h  uluraies  at  higher  anode  vohages,  corresponding  to 
the  electric  field  intensity  of  -2  X  IQ*  V/cm  for  the  dO-pm-di' 
ameier  cathode.  Without  optimization  of  the  device  parameters,  an 
emission  current  of  0.7pA  was  obtained  from  a  single  cathode  with 
a  40-pm  diameter.  The  emisskNi  current  from  eight.  S-pm  dume- 
ter,  arrayed  csihodes  shows  a  peak  emission  current  of  -230  nA. 
white  the  magnitude  of  the  emission  currrent  for  a  single  cathode 
at  the  same  reverse-biased  condition  is  about  30  nA.  Therefore,  the 
emission  current  was  multiplied  by  the  number  of  single  cathodes 
arrayed  together. 

We  have  demonstrated  the  prototype  of  silicon  cold  cathodes  for 
vacuum  mkroelecttonics.  which  contains  the  following  features: 
i)  fabrication  is  compatible  with  1C  technology;  ii)  it  can  be  inte¬ 
grated  and  arrayed  to  product  large  cumnt  from  a  small  chip  area 
without  the  cesisiion  of  the  cathode;  iii)  by  usiitg  rm-chip  p^ysfl- 
kon  cantilever  beam  anode,  the  device  shall  be  able  to  operate  at 
low  voltages  (-3  V).  The  most  promising  applkaiions  include  flat 
panel  displays  with  high  curreat  density  and  brightness;  as  an  elec¬ 
tron  source  for  sckmific  instrumentation;  ns  an  electron  source  in 
mktowave  applicsiions,  which  requires  •  long  and  thin  icctilinear 
electron  beam.  The  fabrication  t>f  the  compleie  device,  indudiag 
vacuum  mkrodcctonk  diodes  and  triodea,  ia  in  progress.  The  rc; 
suits  will  be  reported  at  the  confinence. 

*CarreMly  «  SuMuag  Corpoiaiian.  Korea 

**Visiiiiig  tcimiu  from  ZhtjuHg  University.  Chhw 


VB-3  Low  Shat  Noise  in  H^-Spce4  Rcsonaat-TuDncIlag 
Diodes— E.  R.  Brown,  C.  D.  Rarkcr,  A.  R.  Cslawa.  and  M.  f. 
Manfra,  Lincola  Laboratory.  Massachusetts  Institute  of  Technol¬ 
ogy.  Lexingtoo,  MA  02I73-910B. 

Resonant-lumdiitg  rieviccs  provide  beneitt  In  performance  and 
functionniity.  Foreumple,  Bre  icsonaM-lunnding  diode  (RTOlhaa 
provided  an  osdiblion  frequency  above  700  OHz.  the  bipolar  res¬ 
onant-tunneling  inmistor  has  demonstrated  negative  tnnsconduc- 
tance.  the  resomM-iunneliitg  hot-electron  transistor  has  demon¬ 
strated  a  unity-conent-gaia  cutoff  frequency  ft  over  100  GHz.  and 
the  quamum-weR  injection  and  iransh-iime  (QWITT)  rliodc  offers 
the  capability  for  much  higher  power  than  the  RTD  osdllator.  The 
building  block  of  each  of  these  devices  is  the  double-barTier  hel- 
eiostructure.  This  piper  pteseatt  experimeotal  and  theoretical  re¬ 
sults  on  mkrowave  shot  noise  in  high-speed  dooble-banier  RTO’t. 
We  find  that  the  reom-temperature  ihot  noise  per  unit  carrcni  can 
be  more  than  n  Ihclar  of  two  lower  than  ia  tiogle-bniricr  structures 
(e.g..  p-a  junctions)  when  die  RTD  b  biased  ioto  the  positive  dif¬ 
ferential  KsistaiMC  (PDR)  icgkM  below  the  curreol  peak,  but  b 
iiKtcased  when  biased  into  the  negative  didhreiMial  icsittancc 
(NDR)  icgNM.  The  aaaijrsb  suggests  that  the  reduced  shot  oobe 
could  also  be  obtsbed  in  other  double-bnrrier  resomnl-tunneliag 
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tfcvkct  lhal  opcnic  » ihc  POI  icskm,  such  at  ihc  resoiunt-lun* 
nclini  innsistore  and  ihc  QWITT  OKillalor.  Reduced  shot  noise 
can  lower  the  noise  R{ure  of  anipliRcts,  narrow  ihc  lincwidlh  of 
oscillaiors,  and  decrease  ihc  error  rale  in  lofk  circuilt. 

In  tcneiil.  shot  noise  is  charactciiicd  by  Ihc  power  spectral  den* 
sily  St  "  2ref(,  where  4  it  (he  dc  biu  cumni  and  T  is  the  shot- 
noise  fKtor.  For  tin^k-^nier devices,  T  ■  1 .0.  We  have  carried 
out  thoi-noite  measurcmcnis  to  determine  T  in  three  diRTeicni  RTD 
slructurea.  The  Rrti  is  a  GaAs/AViiGaojiAt  RTD  havirtg  n  room- 
temperature  peak  current  density  Jf  and  peak-to-vsiley  cimcnt  ra¬ 
tio  (PVCR)  ^  I  X  10*  A  cm'*  and  3.t,  respectively.  The  remain- 
inf  two  are  li^j|Gao.4}As/AIAs  RTO's  havinf  a  room-tempera- 
lure  y^of  3  X  10*  and  2  X  I0*A  •  ca‘*.  and  a  PVCR  of  12  and 
S.  respectively.  In  ihe  PDR  r^ion,  the  noise  spectral  density  was 
measured  by  radiomeiric  (echnl<|ucs  at  a  frequency  of  1 .0  GHx. 
This  frequency  wu  far  above  dx  I //knee  arid  far  below  the  RC 
cutoff  frequency.  In  alt  three  devices.  P  <  t.O  in  the  PDR  region 
below  the  current  peak.  The  CaAs/AIGaAs  and  (he  high-/,  In- 
GaAs/AIAs  RTD's  displayed  a  minimum  P  of  approximately  0.4S 
at  room  temperature.  The  low-/^  loGaAs/AIAs  RTD  displayed  a 
minimum  P  of  0.73  at  room  lempenlure.  In  the  NDR  region.  Ihe 
shot  noise  was  detennined  indirectly  from  the  phase-noise  line- 
width  of  (he  RTD  operating  at  a  rokiowave  oscillator.  At  one  point 
in  the  NDR  region  of  (he  GaAs/AIGaAt  RTD.  P  «  3  was  mea¬ 
sured  at  room  temperature,  la  spile  of  this  fact,  the  lincwidlh  of 
the  RTD  oscillator  at  a  given  frequency  is  less  than  that  of  n  Gunn- 
diode  OKilIttor  and  much  less  than  that  of  an  IMPATT-diode  ot- 
ciliator. 

The  deviations  from  P  >  1.0  occur  because  the  resonant-tun¬ 
neling  current  in  a  doubk-bairier  sinrctuie  is  self-modulnted.  By 
this  mechsnitm.  sheet  charge  accumalaiea  fat  the  quantum  welt  in 
propoitioa  01  the  cutreal  density.  The  sheet  charge  alfects  die  po¬ 
tential  Kfott  the  doubk-barrier  ttnidtttc  and  ahifls  the  (rarumis- 
tion  Oinction,  thereby  moduliiiag  the  RTD  cunent.  A  theoretkni 
model  will  be  preacnied  that  agrees  with  (be  experimentally  ob¬ 
served  iboit-noise  effects,  snd  predktt  dial  RTD*t  can  be  designed 
with  Anther  reduced  P  in  the  FINl  tegioa.  This  is  the  lint  anidy  of 
microwave  ihot  noiw  ia  RTO’t. 

•Tbit  work  was  tpomored  by  At  Air  Force  Office  of  SekMide  Re- 
•earcb. 


VB-4  RF  Response  at  High  RP-fc  SNS  Josepbsoa  Micro- 
brMgts  Suilabk  for  lalcgralei  CImk  Appllcallona— R.  H. 
One.  I.  A.  Beall,  M.  W.  Croniar,T.  B.  Rarvqr.  M.  E.  Johansson, 
C.  D.  Reintsema,  and  D.  A.  Rndman.  Elocttoroagnetic  Technol¬ 
ogy  Division.  NatiomI  Insiitnlt  of  Standards  and  Technology, 
Boulder.  CO  80303. 

We  have  developed  a  simpk  process  fbr  microfabrkating  high 
transition  temperature  superconAKtor-nomial  meul-superconduc- 
tor  (SNS)  Josephson  devices  wbkk  opeme  up  to  SO  K,  and  me 
reasonably  ideal  at  43  K.  Bridge  tesislaneea  greater  than  10  O  and 
critical  currem-normal  suie  letiRaaoe  (/cR«)  products  greater  than 
I  mV  have  been  achieved.  Clearly  defined  RP  steps  have  been  ob¬ 
served.  with  power  dependence  qaalkalhdy  similar  to  theoretical 
predictions.  The  fabikation  pvaccss  snd  dm  device  characteristics 
are  suiuUe  for  supereoaducliitg  imegnkd  circuit  apptkalioiis  such 
at  miltimelcr-wave  JoKphsoa  eacillalon.  panmeirk  amplillers. 
and  single-flux  quantum  dightl  fegk. 

We  have  used  a  stepedge  (etbniqee  with  In  sl/tr  deposition  of 
both  the  superconductor  and  normal  metal  to  make  very  short  SNS 


microbridges.  The  supeiconducior,  YBajCu ^ .  |.  is  depoiitcd  by 
pulsed  liter  ablation  at  an  angk  onto  a  substrate  vvhich  bar  a  nearly 
vertical  step,  allowing  shadowing  from  the  step  edge  to  create  a 
break  in  the  superconductor.  The  aotuMl  metal  is  Ihca  deposited 
from  the  other  direction  to  at  to  cover  the  step  and  bridge  (he  n- 
pcrconducting  banka.  The  length  of  die  brid^  it  dcRned  by  the 
step  height  and  (hut  can  be  made  very  short.  To  ensure  the  lowest 
pottibk  contact  rcsitancc  between  (he  superconducting  and  normal 
meui  ffims,  we  deposit  the  normal  metal  without  exposure  to  air 
(In  sirs).  This  technique  also  allows  dm  normal  iiteui  to  coMaci 
die  exposed  edges  of  the  r-axis-oriemed  lilma.  prodnemg  a  low 
boundaiy  tetiaunoe  «-b  plane  contacL  Once  the  YBCD-normal 
metal  bitayer  k  completed,  the  lateral  device  dimensioat  aie  pat¬ 
terned  using  a  positive  pbolotcsisi  and  ion  miOiag. 

We  have  ut^  both  pure  Ag  and  a  Ag-Au  alloy  at  the  normal 
metal  link.  The  alloy  typical^  had  a  low-temperature  resistivhy 
S-10  times  higher  than  the  pure  nobk  metal.  The  resistances  of  die 
Ag  bridges  were  typically  I  0  or  lest,  whereas  those  of  the  alloy 
bridges  were  usually  over  10  0.  As  predicted  by  boundary  condi¬ 
tions  from  the  stan^rd  SNS  model  (l|,  the  bigh-resisunce  alloy 
bridges  showed  a  higher  fcJfjt  than  the  pure  Ag  bridges. 

The  voltage-current  (K-f)  characteristicf  of  these  devices  are 
similar  to  those  predicted  by  the  icsisthrely  shunted  junction  (RSI) 
model  |2|.  as  opposed  to  the  rounded,  nonlinear  K-/ curve  due  to 
flux  flow  resistance.  We  also  observe  RF-induced  slept  at  voltages 
of  nhp/le  to  beyond  m  20,  even  at  43  K.  and  slept  are  still 
cktify  defined  at  7t  K.  The  amplUudc  of  the  step  tiu  modalaica 
with  increasing  RF  power,  as  pr^icled  by  the  RSI  model.  Tbe  RP 
power  modulates  the  aeroih  and  Srst  slept  over  more  than  six  pe¬ 
riods.  with  (he  interval  between  aeraa  found  to  agree  wiib  lUI- 
bssed  predktkms  (3|  wiihin  a  bcior  nf  2. 

This  icrcaicb  was  supported  la  part  by  ffk  Defease  AdvaiKtd  Rcicarib 
Fiojccts  Agcacy  and  in  part  by  dm  Sapctcuaducliviqr  tuHialivc  af  ffm  Ns- 
liowl  latiiiiiK  of  SlMdiids  and  Tecbnclogy. 

CoMiibutioa  of  the  U.S.  Govcnmwm  «d  not  sUtyeci  locupyiiilt. 
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VIA-I  EBicttnfSubitraUTBlinghiSubttanHaUniprovennl 
nf  DC  rbrforaamKc  nf  AJGaAsfCnAs  a-p-n  DHBTs  Crmrm  hy 
MBE— NarethChand,  RmHR.  Betgcr,mid  Niloy  K.  Dunn.  ATRT 
Bell  Laboratories,  Mutnqr  H3L  Nl  02974. 

We  observe  a  marked  improvemest  ia  Ihe  dc  perforauinoe  af 
AlojOaujAs/GaAt/AlgjOatjAs  dodUe  heterojunction  bipolar 
transistors  (DHBTs)  by  tihiaf  the  (MO)  CaAs  subsinlca  3*  M- 
wardt  ( 1 1 1  >A.  On  the  tilled  substrate,  (he  surface,  space  charge 
and  bulk  iccofltbinathm  cnrrenlt  are  reduced,  and  Ihe  qaalily  of 
AIGaAt/GaAs  hetetoiMerfacca  te  iiqproved.  As  a  resuh,  both  the 
emhler  injectioa  ellicierKy  (f)  sad  base  transport  Axlor  arc  im* 
creased  l^ing  to  a  subataaiid  iaciease  in  current  gain  with  a 
marked  rcductien  of  its  enneal  and  junction  geomeiiy  dependence, 
u  shown  in  Table  L 

The  structures  studied  were  grown  siimilitncottsly  at  SIII*C  tw 
Si-doped  n*'GaAt  Rat  (100)  and  mboriented  sobstralet.  A  corni- 
positional  gradiag  of  300  A  was  employed  at  the  emitter-base  (c-b) 
junction.  The  bate-collecsor  (be)  jnnctioa  was  not  graded  In  see 
Ihe  cRSect  of  an  abrupt  juactioa  on  the  nfltet  vohage  and  gain.  Tbe 
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Analytic  model  of  shot  noise  in  doublc*barrier  resonant-tunneling  diodes 


EH.  Brown 

Lincoln  LaboratMy,  Massachusetts  Institute  of  Technology 
Lexington,  MA  02173-9108 

ABSTHACT 

The  shot  noise  in  double-banrier  diodes  is  analyzed  using  the  stationary-state  approach  to 
resonant  tunneling  through  the  first  quasibound  level.  Significant  deviations  from  full  shot 
noise  are  predicted.  Shot-noise  suppression  occurs  in  the  entire  positive  differential  resistance 
region  below  the  current  peak,  and  shot-noise  enhancement  occurs  in  the  negative  differential 
resistance  region  above  the  peak.  The  physical  basis  for  these  effects  is  assumed  to  be  the 
modulation  of  the  double-banier  transmissicm  probability  by  charge  stored  in  the  first  quasi¬ 
bound  level  in  the  quantum  well.  The  analysis  confirms  recent  microwave  noise  measure- 
menu  of  high-speed  doubk-banier  diodes. 


I.  INTRODUCTION 


Shot  noise  is  a  type  of  fluctuation  in  the  electrical  current  that  is  observed  in  numy  elec¬ 
tronic  devices  operating  out  of  thermodynamic  equilibrium.  In  most  cases  it  is  associated 
with  randomness  in  the  flux  of  carriers  crossing  the  dq[>letion  layer  of  a  device.  The  source 
of  this  randonuiess  is  thermal  fluctuations  in  the  rate  of  carrier  injection  into  the  depletion 
layer.  At  frequencies  small  compared  to  the  reciprocal  ot  the  transit  time  through  the  de{^ 
ti<m  layer,  the  power  spectral  density  of  such  shot  noise  is  given  by  Sf  s  2e>I,  where  I  is  die 
dc  current,  e  is  the  magnitude  of  the  electronic  charge,  and  y  ia  the  shot-noise  factor  [1].  In 
the  majority  of  devices  it  is  found  that  y  =»  1.0,  which  is  the  condition  of  normal,  or  full,  shot 
noise.  Some  examples  are  p-n  diodes,  metal-semiconductor  (Schottky)  diodes,  and  semicon¬ 
ductor  heterobarrier  diodes.  In  all  of  these  devices  the  electrical  current  is  limited  by  a  poten¬ 
tial  energy  barrier  whose  transmission  characteristics  are  independent  of  the  current  magni¬ 
tude.  In  devices  having  a  barrier  whose  transmission  depends  on  the  current,  significant  devi¬ 
ations  from  full  shot  noise  can  occur.  The  classic  example  is  the  space-charge-limited 
vacuum  diode  in  which  the  barrier  consists  of  a  spatial  distribution  of  electrons  located  near 
the  cathode  [2].  A  more  recent  example  is  the  resonant-tunneling  diode  (RTD),  in  which 
significant  shot-noise  suppression  [3,4,S,fi)  and  shot-m^  enhancement  [6]  have  been 
observed. 

The  purpose  of  this  piyrer  is  to  demonstrate  analytically  bow  the  quantum-well  charge 
storage  can  lead  to  shot-noise  suppression  in  the  PDR  region  below  the  current  peak.  The 
analysis  also  predicts  shot-noise  enhancemmt  in  the  negative  differential  resistance  (NIXl) 
region,  consistent  with  recent  experimental  results  [6].  The  analysis  will  include  the  following 
steps.  First,  a  fomudism  for  shot  rmise  in  the  presence  of  a  current-dqiendent  transmisskm 
probability  will  be  developed.  This  entails  the  introduction  cf  a  matrix  that  couples  fluctua- 
tiims  in  the  transmission  probability  in  any  longitudinal-energy  interval  to  fluctuations  in  the 
incident  current  in  all  other  intervals.  Next  the  transmission  probability  and  the  mcident 
current  will  be  related  through  the  charge  stored  in  the  quantum  welL  This  relatiomhip  leads 
to  the  definition  of  a  quantity  called  die  transmission  modulation  function.  Finalty,  the  modu¬ 
lation  function  is  used  to  derive  a  closed-form  exfuession  for  the  shot-noise  factcv  under 
short-circuit  load  conditions.  The  analysis  is  based  on  the  stationaiy-state  approach  to 
resonant  tunneling.  The  results  apply  to  any  resonant-tunneling  process  (coherent  or  sequen¬ 
tial)  described  by  the  Breit-Wigner  form  of  transmission  probability. 

n.  CURRENT  FLUCTUATIONS  IN  A  DOUBLE-BARRIER  DIODE 

Current  fluctuations  dirough  the  double-bairier  diode  will  be  analyzed  for  an  n-type 
device  with  a  current  consisting  entirely  of  mobile  electrons.  The  diode  is  biased  with  a  huge 


enough  voltage  that  a  wide  depleted  tpace<charge  region  fonns  on  one  (anode)  side  of  the 
double-barrier  structure  and  excess  electrons  collect  on  the  opposite  (cathode)  side.  The 
actual  band  bending  is  represented  by  the  solid  conduction  band  edge  tji  Fig.  1,  but  the 
analysis  will  carried  out  with  tlie  simplified  band  bending  given  by  the  dashed  band  edge. 
Under  these  conditions,  die  current  through  the  diode  consists  of  electrons  that  are  incident  on 
the  double-barrier  structure  from  the  cathode  side  and  are  transmitted  through  the  structure  by 
resonant  tunneling  duoogh  the  first  quasibound  level  in  the  quantum  well  The  total  time- 
averaged  electronic  flux  incident  on  the  double-barrier  structure  from  the  cathode  side  is 
denoted  by  J‘,  and  the  transmitted  flux  is  denoted  by  P.  These  fluxes  can  be  decomposed  into 
components  and  contained  within  specified  intervals  of  energy.  AE^,  along  the  tunneling 
direction  (i.e.,  perpendicular  to  the  heterobarriers).  The  energy  is  referenced  to  the  conduction 
band  edge  on  the  cathode  side.  The  magnitude  of  the  time-averaged  electrical  current  through 
the  diode  is  related  to  the  incident  flux  by 

i=i:cJi= 2:eT^iis5:cvi=2:ii.  o) 

■  n.ffl  m  m 

where  Tqqi  is  the  transmission  probability  through  the  double-barrier  structure  of  an  electron 
incident  in  the  mth  energy  interval  and  transmitted  to  the  nth  interval,  and  is  the  electrical 
current  flowing  in  the  mth  interval  on  the  cathode  side.  This  expression  is  valid  independent 
of  the  coherent  or  sequential  nature  of  the  resonant  tunneling  [7].  For  die  purpose  of  analyz¬ 
ing  the  shot  noise,  fluctuations  in  the  current  and  the  fluxes  are  defined  in  the  usual  sense  as 
the  difference  between  the  instantaneous  and  the  average  value  of  each  of  these  quantities. 
Frx’  example,  fluctuations  in  the  nth  compon^t  oi  the  transmitted  flux  are  denoted  by 
AJg  s  ja(t)  -  Jg.  AH  of  the  fluctuations  are  assumed  to  occur  under  the  condition  of  an  ac 
short  circuit  across  the  rSode. 

The  source  of  the  shot  noise  is  the  fluctuations  oi  the  incident  flux  in  each  energy  inter- 
vaL  A  given  componerd  AJ^  has  two  effects  on  the  transmitted  current  Rrst,  it  contributes 
directly  to  the  transmitted  current  through  the  term  T|A)[.  Second,  it  modulates  the  transmis¬ 
sion  probability  in  odier  energy  intervals  by  varying  the  charge  density,  and  hence  the  poten¬ 
tial  drop,  in  the  double-barrier  structure.  To  first  mder,  the  fluctnatitm  in  the  diode  currem 
due  to  the  fluctuations  in  all  intervals  is 

Since  the  fluctuation  A)^  occurs  indqiendendy  of  one  can  write  Al^  =  eT^,  and 

Ai* 


(3) 


where  Com  =*  Ji(dTo/dJi)Ti*.  The  quantity  Com  is  an  element  of  a  matrix  that  represents  the 
modulation  of  the  transmission  at  each  energy  by  fluctuations  of  the  incident  current  at  other 
energies. 

From  Eq.  (3)  the  low-frequency  power  spectrum  is  found  to  be 
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(4) 


This  expression  is  simplified  with  the  assumption  drat  the  region  on  the  cathode  side  the 
double-barrier  structure  is  in  a  state  of  themnodynamic  quasi-equilibrium.  In  this  case,  there  is 
a  net  electrical  current  through  the  region  but  the  magnitude  of  the  canent  is  small  enough 
that  the  following  equilibrium  properties  ate  maintained.  First,  current  fluctuations  in  different 
longitudinal  energy  intervals  are  uncorrelated  [2], 

=  (5) 


where  finm  is  the  Kronecker  delta  function.  Second,  the  current  component  fluctuations  are 
Poisson  distributed  and  are  thus  related  to  the  dc  component  by  dre  well-lmown  Schottky  rela¬ 
tion  [1], 

[AIfl*  =  2cI«8f. 

The  appUcatirm  of  these  relations  in  Eq.  (4)  leads  to  the  result 

fi  +  2r*  5:qji£ + CmJ*  li 


(6) 
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where  the  identity  I »  2}^  ^  aps^ied.  In  the  limit  that  ->01bralli),Ycanbe 

m 

written  in  integral  form  as 


Y=»  l  +  2r»  f[  fdCCBJB')]dr(B')  +  r»  J[  fdC(B,E')j*df(B'), 


k  I 

where  dC(EJB')  *  dJ*aB)0T(pyaj*CB')lT-*(tf). 


(8) 


m.  DERIVATION  OF  THE  SHOT-NOISE  FACTOR 

Up  to  this  point  the  discussion  has  been  rather  general  in  scope,  relying  only  <m  the 
validity  of  the  stationary-state  api»oach  andi  the  presence  of  quasi-equilibrium  on  the  cathode 
side  of  the  double-barrier  structure.  To  evaluate  dC^3')  analyticalty,  several  assumptions 
regarding  the  nature  die  resonant  tunneling  and  the  electrostatics  of  the  double-barrier 
structure  are  required.  First,  the  resonant-tunneling  process  is  assumed  to  be  consistent  with 
the  single-particle  Breit-Wignm’  transmission  fmobability  [8,9], 


f 


(9) 


ri'-r,* 

(E  -  El)*  +  rf/4 


where  E|  is  the  energy  of  the  first  quasibound  state  in  the  quantum  well  referenced  to  the  neu¬ 
tral  conduction-band  edge  on  the  cathode  side.  r{'  and  rf  are  the  paitial-wkith  factors  {(x  the 
left  and  right  barriers,  respectively,  and  Pf  =  r{*  +  Pf  +  Pg  with  Ps  being  a  phenomenologi¬ 
cal  scattering  parameter  refnesenting  the  effect  ci  inelastic  scattering  events  that  occur  in  the 
double-barrier  structure  [10].  The  partial-width  facUtfs  are  a  measure  of  die  transparency  ci 
the  barriers,  and  depend  on  the  bias  voltage  in  a  rathn  complicated  manner.  However,  it  is 
generally  true  that  in  double-barrier  structures  having  TVpe  I  band  offsets  (the  wider  bandgap 
material  acts  as  a  barrier  to  both  electrons  and  holes),  P}'  decreases  monotonically  with 
increasing  bias  voltage  and  Pf  increases  monotonically.  Therefore,  as  a  first  approximatimi 
one  can  assume  that  the  product  and  the  sum  of  Pf  and  P}'  are  both  constant  with  respect  to 
bias  voltage.  This  approximation  will  be  addressed  further  in  Appendix  A. 

The  next  assumption  is  that  E|  depends  only  on  the  electrostatic  potential  drop  across  the 
double-barrier  structure,  y^,  and  is  not  affected  by  electron-electron  interactions  (i.e.,  direct 
and  exchange  forces),  band  mixing,  or  other  effects  in  the  quantum  welL  A  useful  apjHOxi- 
mation  is  that  E}  decreases  vdtfi  bias  voltage  as 

E,  -  Ef  -  -ievs .  («» 

where  Ef  is  the  energy  the  fint  slate  at  zero  biu.  In  double-bankr  structures  biased  so 
that  a  large  electrical  current  flows,  the  many-botfy  potentials  are  usually  much  smaller  than 
the  potential  energy  term  ey^  [11]. 

The  next  three  assunytkms  concern  the  distributkm  of  charge  and  the  band  bending  in 
the  double-barrier  diode.  Firs^  die  magnitude  die  electron  sheet  diaige  densiQr,  stored 
in  the  double-barrier  structure  is  distributed  as  a  delta  fiinctioa  at  die  center  of  the  quantum 
well  [12].  Then,  yj  can  be  wiinea 

ys^Fo^s — ~0Ljf  +  Lw^)»  (11) 

where  Fp  is  the  magnitude  of  electric  field  at  the  depletion  end  of  the  double-baitier  structure, 
e  is  the  permittivity  which  is  assumed  to  be  uniform  throughout  die  structure,  Ljf  is  the  thick¬ 
ness  of  the  left-hand  barrier  (adjacent  to  the  cathode  side),  is  die  width  of  the  quantum 
well,  and  Lg  is  the  total  thickness  of  the  double-barrier  structure  given  by  -I- 1^  4*  L^, 
where  Lf  is  the  thickness  of  the  right-hand  barrier.  Second,  the  dectron  density  on  the 
cathode  side  is  so  high  that  no  potential  drop  occurs  across  diis  r^hm.  Third,  die  depletion 
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region  has  a  uniform  background  donor  doping  Nq  and  a  potential  drop  Yq  consistent  with 
the  depletion  approximation.  With  these  assumptions  one  can  derive  the  expression 


Vs  ~  Lsl^N[)(eVj  +  Ep  —  Ep  —  eYsVfel"  —  -—(LgT  +  » 


(12) 


where  is  the  bias  voltage  applied  across  the  device.  The  combination  of  zero  potential 
drop  and  quasi-equilibrium  on  the  cathode  side  allows  one  to  write  [13] 

dJ*(E)= 


•log[l  +  exp(E|  -  E)/kT]dE , 


(13) 


where  A  is  the  diode  area. 

The  last  assumption  is  that  the  sheet  charge  density  is  given  by  the  expression  resulting 
from  the  dwell-time  theory  of  double-barrier  traversal  [14]: 

in 


<^w  = 


ATf  ■ 


(14) 


This  expression  assumes  that  electrons  traverse  the  structure  only  from  cathode  to  anode,  and 
are  prohibited  by  Pauli  exclusion  from  traversing  the  structure  in  the  (^>posite  sense.  Substitu- 
ticm  of  the  integral  form  of  Eq.  (1)  yields 


Oa,  a 


T(E)dJte) . 


(15) 


The  above  set  of  assumptions  facilitate  an  evaluation  of  dCCBJB')  using  the  following 
expansion  by  the  chain  rule: 

dC(E3)  =  dJ<(E)^g^T->(^).  (.6) 

This  expansion  is  analyzed  in  Appendix  B,  wtoe  it  is  fouiKl  that  is  independent  of 

E'.  This  means  that  Eq.  (8)  can  be  refrxmulated  as 

Y=1  +  2M  +  M*.  (17) 

where  M  s  JdC(E)  will  be  called  the  transmission  modulation  function.  Note  that  y  has  a 
minimum  value  of  zero  at  M  »  -1,  approaches  1  at  M  »  0,  and  exceeds  1  f(X  M  >  0.  That  is, 
the  shot  noise  is  suppressed  for  -1  <  M  <  0  and  is  enhanced  for  M  >  0. 

A  closed  form  expression  for  M  is  obtained  from  Eq.  (B.S)  in  die  limit 

E|-Ef +  eYs/2>IT.  (18) 

which  corresponds  to  either  low  temperatures  or  bias  voltages  well  above  die  current  turn-on 
(i.e.,  the  voltage  at  which  a  sizable  current  begins  to  flow).  Evaluation  of  the  integral  over 
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the  range  from  0  to  leads  to  the  result 

E^r-,y2 


M  =  X 


J^+(un->K2ft-Efyrrf-u.-pVrTl)  . 


(19) 


where  X  ==  e%p(rhrf  )(Lt  +  Lw/2)(e(rf+rf )rf  (1  +  Ls/Ld))-'.  P  =  m*/2jt%3. 

^  s  E|  -  Ef  +  eVs/2,  and  Lq  is  the  depleticm  length  given  by  eFi^eNo  in  the  depletion 
approximation.  This  expression  has  the  desired  property  that  M-^OasTf'-^Ooras 
rf-4oo.  Both  of  these  limits  describe  a  situation  where  no  charge  is  stcxed  in  the  quantum 
well  during  resonant  tunneling  and  thus  no  modulation  of  the  transmission  probability  is  pos¬ 
sible. 


IV.  CURRENT- VOLTAGE  CHARACEERISTIC 
To  obtain  the  shot-noise  factor  it  is  necessary  to  obtain  the  current-voltage  (I-V)  curve 
since  through  Eq.  (14)  the  current  determines  die  sheet  charge  in  the  well,  arxl  the  sheet 
charge  in  the  well  determines  the  voltage  drop  Vs  and  the  partial-width  factors.  The  I-V 
curve  follows  directly  from  the  integral  form  of  Eq.  (1),  Eq.  (13),  and  the  assumptions  stated 
in  Sec.  IB: 


Bt 

I  *  pAkT  I  T(E,aJ  log(l  +  cxp(E^  -  E)/kTIdE  . 


(20) 


The  transmission  probability  is  written  explicitty  u  a  function  of  to  emphasize  the  fact 
that  the  sheet  charge  density  in  the  quantum  well  could  be  high  enough  to  affect  the  I-V  curve 
as  well  as  the  shot  noise.  In  the  limit  of  low  temperatures  or  high  bias  voltages  defined  by 
Eq.  (18),  the  current  is  given  by 


1  = 


PAr,(r}rf) 


(Th+rf) 

Using  Eqs.  (11)  and  (14X  one  can  write 


r,  1  r,  r-t 


+  {k>» 


rf4+^* 


.  (21) 


eLs 


5  =  E#-Ef+-^(PD-a^). 


(22) 


For  each  value  of  one  can  obtain  the  current  and  the  sheet-charge  density  by  itera¬ 
tion.  In  the  first  pass,  a  value  of  Fq  is  chosen  that  is  large  enough  to  ne^ect  right  to  left 
going  currents,  is  assumed  to  be  zero,  and  ^  Ff*,  and  Ff  ate  calculated  from  Eqs.  (i2) 
and  (A.1)  -  (A.3).  The  current  is  then  obtained  from  Eq.  (21)  and  used  as  input  to  the  second 
pass.  The  first  stq>  of  the  second  pass  is  computing  o,,  using  values  of  I  and  Ff  obtained 


from  the  first  pass.  Then  ^  and  I  are  re-computed  with  FiHt*  and  Fi*  +  rf  held  fixed.  The 
process  is  repeated  until  convergence  is  achieved.  The  final  values  of  ^  and  F|^  are 
insetted  into  Eq.  (19)  to  obtain  the  shot-noise  factor. 

V.  CX)MPARlSON  WITH  EXPERIMENT 

The  experimental  I-V  curve  and  shot-noise  factor  are  given  in  Figs.  2(a)  and  2(b), 
respectively,  for  an  RTD  consisting  of  two  5.0-iun-thick  undoped  AloiyijOapj^As  barrien 
separated  by  a  5.0-nm-thick  GaAs  quantum  welL  Outside  ot  each  barrier  is  a  SG-iun-thick 
buff(^  layer  that  is  doped  Nq  -  2x10^^  cm"^,  and  outside  of  each  buffer  layer  are  n^  epilayen 
that  extend  to  the  substrate  and  the  top  contact  region.  Other  details  regarding  the  growth  and 
material  quality  of  this  structure  are  given  elsewhere  [IS].  The  experiments  were  conducted 
on  an  8-pm-diameter  diode  mounted  and  whisker  contacted  in  a  cartridge  and  cooled  to  77  K 
by  immersion  in  liquid  nitrogen.  The  shot-noise  factor  in  the  PDR  region  below  the  current 
peak  was  measured  by  microwave  radiometric  techniques  [6].  The  shot-noise  factor  in  the 
NDR  region  was  determined  by  measuring  the  linewidth  of  the  RTD  functioning  as  a 
microwave  oscillator  and  relating  this  linewidth  to  the  phase  noise  expected  from  a  shot-noise 
process.  The  resulting  value  y  *  crude  upper  limit  since  other  mechanisms  such  as  1/f 
noise  from  the  ohmic  contacts  contribute  to  the  linewidth  but  are  not  subtracted  out  in  the 
derivation. 

The  I-V  curve  in  Hg.  2(a)  displays  a  current  tum-<»  near  0.3  V,  a  current  peak  at 
approximately  0.6  V,  and  a  current  valley  at  0.8S  V.  The  peak-io-vallqr  current  ratio  is  8. 
Between  the  peak  and  vallqr  points  is  an  NDR  region  characterized  by  several  discontinuities 
in  the  current  These  discontinuities  are  a  result  of  osciUations  in  the  diode  and  the  measure¬ 
ment  circuit  The  vertical  segmoits  with  arrows  denote  the  extrinsic  bistability  associated 
with  the  oscillations.  At  vtdtages  above  file  vall^  point,  the  current  increases  zaitidly.  This 
is  caused  at  least  in  port  by  tiie  turo-on  ci  current  through  tiie  second  quasibound  kvd  in  the 
quantum  weU. 

The  experimental  77-K  shot-noise  factor  in  Rg.  2(b)  is  suppressed  throughout  the  FDR 
region  below  the  current  peak  and  is  enhanced  at  the  only  measurement  point  in  die  NDR 
region.  In  the  PDR  region,  y  is  nearly  cmistant  with  bias  voltage,  ranging  fiom  0.5  just  above 
the  current  tum-on  to  0.35  just  below  the  current  peak.  In  the  NDR  region,  a  shot-noise  fac¬ 
tor  of  8.0  is  obtained  at  a  bias  point  in  the  discontinuous  region  just  above  die  peak.  Beyond 
the  valley  point,  the  shot-noise  factor  asymptotically  approaches  unity.  The  measured  I-V 
curve  and  shot-noise  characteristics  at  77  K  are  practically  identical  to  diose  obtained  in 
separate  measurements  at  a  badi  temperature  of  4.2  K.  In  room  tenqierataie  measurements, 
the  I-V  curve  had  about  1  mA  less  peak  current  and  a  cuneat  pedc-lo-valley  ratio  of 


approximately  4.  The  shot-noise  factor  was  similar  to  the  results  at  77  K  except  that  the 
minimum  y  in  the  PDR  region  was  about  30%  less  than  that  measured  at  room  temperature, 
and  the  value  of  y  nt  tbe  one  bias  point  in  the  NDR  region  was  S.O. 

Theoretical  I-V  and  shot-noise-factor  curves  are  given  in  Rgs.  3,  4,  and  S.  The  physical 
parameters  used  in  each  of  the  curves  are  Ef  *  89  mcV,  ~  40  meV,  =  0.31  eV, 

and  m*  »  0.067mo.  Using  Eq.  (A.l),  one  finds  r{*  s  =  0.10  meV  at  aero  bias  to  that 
rf-rf  «  1x10^  eV*  and  rf*  +  rf  =  0.2  meV.  The  area  of  the  RTD  is  50  jim*.  Because  the 
scattering  parameter  is  not  known  a  priori^  it  determined  by  the  requirement  that  the 
theoretical  I-V  curve  match  the  experimental  curve  qualitatively.  In  Fig.  3(a)  with  Fs  »  0.8 
meV,  the  I-V  curve  displays  a  voltage  range  of  intrinsic  bistability  or,  more  propoly,  tristabil¬ 
ity  (i.e.,  three  different  cunents  for  the  same  voltage),  which  is  associated  with  charge  storage 
in  the  quantum  well  [16,17].  Since  this  behavior  is  not  observed  experimentally,  one  must 
consider  a  larger  such  as  the  value  4.0  meV.  hi  this  case,  the  intrinsic  bistability  does  not 
appear  in  the  I-V  curve  and  the  NDR  region  is  characterized  by  a  neai^  vertical  drop  in 
current  at  voltages  just  above  the  peak  point  The  largest  F^  assumed  in  Fig.  3(a)  is  20  meV. 
The  resulting  I-V  curve  is  qualitatively  similar  to  the  curve  for  F^  »  4.0  meV  excqit  that  the 
peak  current  is  significantly  reduced.  This  is  a  result  the  fact  that  F^  is  apfatoaching  E|.  In 
other  words,  the  area  under  the  T(E)  vs  E  curve  is  no  longer  contained  cntir^  within  the 
occupied  Fermi  sea  of  electrons  on  the  cathode  side.  N(»ie  of  the  theoretical  I-V  curves 
displays  a  valley  point  since  the  present  model  does  not  account  for  current  flow  duoogh  the 
second  quasibound  level  in  the  quantum  weU. 

The  theoretical  I-V  curve  that  most  resembles  the  experimental  curve  is  that  in  Hg.  3(a) 
fix'  Fs  s  4  meV.  In  this  case,  the  shot-noise  factor  shown  in  Hg.  3(b)  starts  out  at  unity  at 
voltages  below  the  current  tum-on,  decreases  rapidly  to  038  just  above  diis  pt^t,  and  then 
increases  gradually  to  1.0  at  die  current  peak.  At  voltages  above  the  peak,  yiises  to  a  max¬ 
imum  of  approximately  4.3  in  the  steepest  part  of  fire  NDR  r^on,  and  thea  ftlb  raindiy  to 
unity  at  higher  voltages.  The  themetical  y  is  in  qualitative  agreement  with  the  experimental 
curve  except  at  voltages  below  the  current  tum-on  and  at  voltages  in  the  FIXl  r^oo  b^ond 
the  valley  point  In  the  fixmer  region,  the  theraetical  y  apjxoaches  unity  but  the  erqierimental 
value  does  not  In  the  latter  npoa,  the  theorefical  y  approaches  unity  from  above  whereas 
the  experimental  value  approaches  unity  firom  below.  The  first  discrepanqr  is  thought  to 
result  from  a  breakdown  of  die  assumptirm  given  by  Eq.  (18)  at  low  bias  voltages.  The 
second  discrq>ancy  is  not  presendy  understood.  The  less  significant  discr^ancy  between  die 
minimum  experimental  (0.35)  and  theoretical  (038)  y  values  in  the  FDR  re^on  is  also  unex¬ 
plained,  but  it  is  not  related  to  the  magnitude  of  Fs.  Hg.  3(b)  illustrates  that  a  mnch  smaller 
Fs  of  0.8  meV  still  yields  a  miiumum  y  (032)  giealer  dian  the  experimental  mtnimiim  ybe 


difference  between  the  maximum  theoretical  (4.3)  and  experimental  (8.0)  values  of  y  in  the 
NDR  region  may  reflect  the  fact  that  the  experimentally  determined  shot-noise  factcv  is  just  an 
upper  limit,  as  mentioned  above.  Note  that  the  theoretical  shot-noise  factor  in  the  NDR 
region  is  very  sensitive  to  Fj  in  contrast  to  its  behavior  in  the  PDR  region.  This  results  from 
a  weakening  of  the  transmission  modulation  mechanism  in  the  NDR  region  with  increasing 
breadth  of  T(E). 

A  broadening  parameter  of  4  meV  corresponds  to  a  scattering  or  dq)hasing  time  of 
t,  =  R/Ts  B  0.16  ps,  which  is  a  plausible  value  in  this  type  of  double-barrier  structure.  It 
easily  satisfies  the  condition  for  spatial  quantization  in  the  quantum  well,  vtdiich  is  given  by 
E|t,  >  R  or  X,  »  7  fs.  It  is  consistent  with  a  sequential  rather  than  a  cdierent  resonant  tun¬ 
neling  process  in  the  sense  that  tj  <  tj,  where  X|  =  K/fFiM-rf)  =  3  ps  is  the  quasibound-statc 
lifetime.  However,  the  present  analysis  suggests  that  the  shot-noise  suppression  and  enhance¬ 
ment  effects  are  not  critically  sensitive  to  which  process  prevails.  Rather,  the  analysis  sug¬ 
gests  that  the  deviations  from  normal  shot  noise  are  greatest  in  the  fully  coherent  limit  (i.e., 
Fs  =  0)  and  gradually  disappear  as  Fs  increases. 

VL  DISCUSSION 

An  important  question  it  whether  or  not  the  thot-noise  characteristict  observed  in  the 
above  diode  are  to  be  expected  in  other  RTDs,  especially  the  high-cunent-densiqf  diodes  used 
in  high-speed  oscillation  and  switching  applications.  This  can  be  addressed  by  analyzing  Eq. 
(19)  as  a  function  of  bias  voltage.  The  PDR  region  of  RTDs  biased  well  above  the  cunent 
tum-on  is  defined  aj^aoximately  by  Fj  c  ^  In  this  range  one  finds  M  ~  -Xn,  where  X 
is  the  positive  unitless  quantify  defined  after  Eq.  (19).  Thus,  one  expects  shot-nc^  suppres¬ 
sion  to  occur  in  the  PDR  region  of  all  RTDs.  To  obtain  the  greatest  shot-noise  supi»ession, 
the  sum  Ljf  +  snd  the  ratio  Fi'/(F^  -I-  Ff)  should  be  as  large  as  possible.  This  ratio 
approaches  a  maximum  value  unity  in  the  limit  where  the  second  barrier  is  much  less  tran¬ 
sparent  than  the  first  For  barriers  made  the  same  material,  this  limit  means  that  the  sec<md 
barrier  is  much  thicker  than  the  first  Intuitively,  it  makes  sense  diat  sudi  a  double-barrier 
structure  would  display  large  shot-noise  suppression  since,  according  to  Eq  (14),  the  sheet- 
charge  densi^  in  the  quantum  well  is  high  when  Ff  is  small,  and  high  sheet-duuge  density 
makes  the  transmission  modulation  mechanism  nx>re  effective.  In  addition,  die  ratio  of  Lq  to 
Ls  should  be  as  large  as  possible.  This  is  realized  in  diodes  containing  wide,  lightly  doped 
spacer  layers  on  the  anode  side.  Nearly  all  high-speed  RTDs  have  diis  feature. 

As  discussed  above,  a  significant  shot-noise  enhancement  occurs  in  the  NDR  bias-voltage 
region,  which  is  defined  aj^ximately  by  E|  -  Ft  <  4  <  4  Ff.  It  is  is  a  r^ion  where 

RTD  oscUlators  are  often  biased  for  high-firequency  toleration.  From  Eq  (19),  one  finds  a 


maximum  theoretical  M  of  approximately  2XEp/r|>  in  this  range.  In  most  high-speed  RTDs 
E|  probah'y  exceeds  Fy  by  a  sizable  margin  (since  E|  is  made  huge  to  achieve  high  cunent 
density),  so  that  one  expects  significant  shot-noise  enhancement  to  occur.  To  minimize  the 
shot-noise  enhancement,  the  double-barrier  structure  should  be  thin  and  die  ratio  riVCr^-i-rf ) 
should  be  as  small  as  possible.  Most  high-speed  RTDs  have  these  features  since  they  typi¬ 
cally  have  a  narrow  quantum  well  and  very  thin,  nominally  identical  baniers.  The  tfiin  bar¬ 
riers  cause  rf  to  be  comparable  in  value  to  fJ'  even  at  bias  voltages  in  die  NDR  region,  so 
that  Ff'/Crf'+rf )  ~  OJ.  Unfortunately,  high-speed  RTDs  usually  have  a  large  E^  to  produce 
high  current  density.  Conscquendy,  a  tradeoff  between  shot-noise  enhancement  and  current 
density  exists  in  RTDs  operating  in  the  NDR  regirm. 

The  bias  region  far  beyond  the  current  peak  is  defined  by  ^  >  Ep.  In  this  region  one 
finds  M  ~  X£pry/2(^  -  Ep)^.  In  most  RTDs  this  is  positive  and  substantially  smaller  in  mag¬ 
nitude  than  M  in  the  aforementioned  bias  regions.  It  also  decays  very  rapidly  with  bias  vol¬ 
tage  beyond  the  current  peak.  Thus,  one  expects  that  the  shot-noise  enhancement  observed 
just  beyond  the  current  peak  will  diminish  rapidly  with  increasing  voltage. 

CONCLUSION 

An  analytic  model  has  been  developed  to  explain  the  shot  noise  associated  with  current 
flow  through  the  first  quasibound  level  of  a  double-barrier  resonant-tunneling  diode.  The 
model  explains  the  shot-noise  suppression  and  enhancement  effects  that  have  been  measured 
in  double-barrier  RTDs  biased  into  the  IT>R  and  NDR  regions,  respectively,  of  the  first 
current  peak.  The  physical  basis  for  the  model  is  the  modulatioo  of  the  transmission  prob¬ 
ability  by  electrons  stored  in  the  quantum  well  during  the  resonant-tunnding  process.  It  is 
instructive  to  point  out  a  physical  characteristic  of  the  model  that  is  tesponable  few  file  oppos¬ 
ing  shot-noise  effects.  This  characteristic  is  given  by  the  relatioo  <  0  used  in  the 

derivation  of  Eq«  (BJ).  Ihis  relation  inqrlies  that  a  fluctuation  associaled  with  increasing 
incident  current  (and  hence  o^)  decreases  This  should  lead  to  a  decrease  in  fiie  total 
current  if  the  device  is  biased  in  the  PDR  region  below  the  current  peak,  because  a  drop  in  ifs 
moves  the  quasibound  level  up  to  an  energy  at  which  there  are  fewer  elections  to  tunnel  fin>m 
the  cathode  side.  In  the  NDR  region,  it  causes  an  increase  in  the  total  current  because  a  drop 
in  Vs  inoves  the  quasibound  level  to  an  energy  at  which  there  are  m<we  electrons  to  tunnel 
In  this  sense,  the  shot-noise  suppression  in  file  PDR  region  below  the  current  peak  is  similar 
in  nature  to  that  of  a  space-charge-limited  vacuum  diode.  The  novd  feature  the  RTD  is 
the  shot-noise  oihancement,  which  relies  on  the  existence  of  a  resonant  transmission  prob¬ 
ability. 
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APPENDIX  A:  PARTIAL  WIDTHS  OF  THE  TRANSMISSION  PROBABILITY 


Under  the  assumption  that  the  potential  profile  across  the  double-barrier  structure  is 
piecewise  flat,  the  following  expression  for  the  partial  widths  of  T(E)  in  Eq.  (9)  have  been 
derived  [19]: 


cxp(-2amtL^^^) 

(Ls  +  Ol*  + 


(A.1) 


In  this  equation  k}  is  the  quasibound-state  wavevector,  k|.  and  k^  are  the  wavevectOTS  in  the 
left  and  right  cladding  layers,  respectively,  and  and  Or  are  the  attenuation  coefficients  in 
the  left  and  right  barriers,  respectively,  measured  at  energy  E|.  The  quantities  K|,  and  Kr  are 
given  by  (Im’^fco)'*/!!  and  (2m*^5o)''/ir,  respectively,  where  ♦J©  and  are  zero-bias  bar¬ 
rier  heights  referenced  to  the  conductioo  band  edge  on  the  cathode  side.  The  validiqr  of  Eq. 
(A.1)  requires  that  the  quasibound  levd  is  always  aligned  with  traveling-wave  states  on  the 
cathode  and  anode  sides,  respectively.  A  second  requirement  is  that  the  effective  mass  m*  is 
unifexm  throughout  die  double-barrier  structure  and  cladding  layers.  The  former  requirement 
is  not  satisfied  in  the  present  electrostatic  model  at  trias  voltages  that  fewer  the  first  quasi¬ 
bound  level  below  the  occupied  states  on  the  cathode  side.  This  precludes  (he  application  of 
Eq.  (A.1)  for  at  bias  voltages  in  the  NDR  region  and  b^ond,  and  is  a  fnrdier  motivation 
for  adopting  the  sinq>liiying  assumptions  in  Sec.  m  concerning  the  oonslaaqr  of  the  product 
rJ'Pf  and  the  sum  rf'+  rf.  The  second  requirement  concerning  the  effective  mass  fe  rea¬ 
sonably  satisfied  for  a  OaAs/A]o42Gao3gAs  structure  [m*(GaAs)  =  0.067  m(^  and 
m*(Alo.42Gao.5sAs)  =  0.09  m©],  but  may  not  be  satisfied  in  a  GaAs/AIAs  structure 
[m*(AlAs)  =  0.15  m©]. 

To  apply  Eq.  (A.1),  the  expected  band  bending  (solid  line)  ^vea  m  Hg.  1  must  be 
replaced  by  the  piecewise-flat  profile  (dashed  line)  tfuit  is  superimposed  in  the  same  figure. 
From  this  profile  and  the  electrostatic  assumptions  stated  in  Sec.  ED,  the  partial-width  parame¬ 
ters  are  expressed  by  Iq,  =  [(2m*(Ef-eys^)]'^/ff  (since  there  is  no  potential  drtqp  on  the 
cathode  side),  ki  =  (2m*Ef)’*/ll,  and  =  ((2m*^f4eY^)]’^/ir.  For  the  attenuation 
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coefficients,  the  following  bias-dependent  barrier  heights  aie  introduced: 
♦b  =  ♦b.o  “  (Pd  “  and  ♦b  =  ♦b.o  *"  ®Vs  +  cFdLb^.  These  barrier  heights  arc 

again  referenced  to  the  conduction  band  edge  on  the  cathode  side,  as  shown  diagraimnatically 
in  Fig.  1.  With  these  parameters  one  can  write  the  following  expressions  for  the  attenuation 
coefficients: 


at  =  -  Ef  +  VteFoCLs-Lt)  -  eo*(Ls/2-Lt)/2c))'‘ 

n 

ttR  =  T[2m*(<>B  -  Ef  -  VieFoCLs-Lf )  -I-  co«Ls/4£)l'*  • 
n 


(A.2) 


(A.3) 


(B.l) 


APPENDIX  B:  DERIVATION  OF  THE  TRANSMISSION  MODULATION  FUNCTION 

The  derivation  of  the  shot-noise  factor  starts  with  an  evaluation  of  the  function  dC(E3') 
given  by  Eq.  (16).  The  first  partial  derivative  in  this  expression  can  be  derived  directly  from 
the  Breit-Wigncr  form  in  Eq.  (9).  Three  quantities  in  Eq.  (9),  Ej,  rf',  and  F*.  vary  with  yg. 
The  strongest  dependence  occurs  through  E^,  which  yields 

arCE)  eT(E)(E  -  Ef -t- eVs/2) 

3Vs  “  ~  (E  -  Ef  -I-  eys'2)*  +  r|/4  ‘ 

The  dependence  of  T^)  on  Vs  through  Ff  and  Ff  is  relatively  weak  because  these  quantities 
have  an  opposing  variation  with  yg  and  because  T(E)  in  Eq.  (9)  depends  on  these  quantities 
either  as  the  sum  or  product  The  opposing  variadon  of  F^  and  Ff  stems  from  the  following 
properties.  From  Eqs.  (A.2)  and  (A.3)  one  observes  that  oq,  inocases  with  yg  arul  oqt 
decreases  with  yg  at  nearly  the  same  rate.  This  requires  that  |Fd)  >  which  is  gen¬ 
erally  true  in  double-barrier  structures.  Typical  double-barrier  structures  also  satisfy  the 
thick-barrier  criterion,  2au(L4*^  >  1.  From  Eq.  (A.1)  tfiis  means  diat  Fj'  decreases  with 
increasing  oq,  and  Ff  increases  with  decreasing  oq^. 

The  next  partial  derivative  is  found  by  imposing  the  short-circuit  condition  on  Eq.  (12). 
The  short-circuit  ccmdition  means  that  Vf  remains  fixed  for  an  current  finctuations.  Thus,  one 
can  write 


da, 


W  |vt 


(Lt  +  Lw/2)(ys  +  a»(Lir  +  Lw/2)/e)  (Lt  +  LV2) 


(B.2) 


e[yg  ■¥  aw(Ljf  +  IV2)/e  -i-  d^oLl/e]  e(l  +  Eg/Lo)  * 

The  last  partial  derivative  is  found  from  Eq.  (IS)  as  da^J^(E')  =  efiTXl^VFf  A.  When 


this  is  combined  with  Eqs.  (B.l)  through  (B.3)  and  inserted  into  Eq.  (16),  one  obtains 


dC(EJE)  = 


dlte)e%  (E-E?-^gYs^)T(B)  Hr-t-Lw/2 
Ff  A  (E-Ef4eysf2)?  +  F|/4  e(l-rtVLi>)  ' 


(B.3) 
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Fig.  1. 


Fig.  2. 


Fig.  3. 


HGURE  CAPTIONS 


Band  bending  model  of  double-barrier  structure.  Vs  is  the  electrostatic  potential 
drop  across  the  double-barrier  structure  arul  Vj  the  voltage  drop  across  the  total 
active  region.  is  the  magnitude  of  the  electric  field  at  the  depleti(»-region 
boundary,  is  the  energy  of  the  quasibound  state  under  bias,  and  E|  and  Ep  are 
the  quasi-Fermi  levels  on  the  cathode  and  arrede  sides  the  structure,  respective^. 
This  model  assumes  that  the  charge  is  distributed  as  a  delta  function  in  the  center 
of  the  quantum  well.  The  dashed  lines  in  the  double-barrier  structure  represent  the 
piecewise-flat  approximation  to  the  above  band-bending  model,  which  is  used  for 
calculating  the  partial-width  factors  of  the  transmission  probabili^. 


(a)  Experimental  I-V  curve  showing  hysteresis  in  the  NDR  region  and  (b)  shot- 
noise  factor  for  a  GaAs/Alo,42Gao^As  RTD  at  77  K. 


(a)  Theoretical  I-V  curve  and  (b)  shot-noise  factor  for  the  RTD  in  Hg.  2  computed 
with  Fs  a  0.8  meV,  4.0  meV,  and  20.0  meV.  The  other  physical  parameters  are 
defined  in  the  text  For  Fs  «  4.0  meV,  the  minimum  shot-noise  factor  is  0.58  at  a 
bias  voltage  just  above  the  current  tum-on,  and  the  maximum  shot-noise  factor  is 
4.2  at  a  voltage  in  the  NDR  region  above  the  peak. 
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APPENDIX  D 


Enhanced  negative  differential  resistance  in  a  resonant-tunneling  structure 


E.R.  Brown,  C.D.  Parker,  A.R.  Calawa,  and  M  J.  Manfra 
Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  MA  02173-9108 


Abstract 


A  triple>well  resonant-tunneling  structure  made  from  the  Ino^Gao^7A8/AlAs  material  sys¬ 
tem  is  shown  to  have  a  1.3-V-wide  negative  differential  resistance  d^R)  regirm,  as  compared 
to  approximately  0.4  V  for  a  typical  single-well  resonant-tunneling  diode.  A  diode  made  fiom 
this  structure  is  used  to  generate  a  nearly  constant  power  oi  OS  mW  up  to  16  GHz.  The  broad 
NDR  region  is  attributed  to  resonant  tunneling  through  two  closely  spaced  quasibound  levels. 


Resonant  tunneling  continues  to  attract  interest  for  electronic  applications  since  it  is  a 
transport  process  that  provides  a  high-speed  negative  differential  resistance  (NDR)  characteristic 
with  very  high  peak  current  density  and  useful  peak-to-valley  current  ratio  at  room  temperature. 
The  device  used  for  the  majority  of  applications  has  been  the  single-weU  (double-barrier) 
resonant-tunneling  diode  (RTD).  For  example,  a  single-well  RTD  fabricated  from  the 
InAs/AlSb  material  system  has  recently  produced  oscillations  up  to  712  GHz  [1].  A  charac¬ 
teristic  shared  by  the  current-voltage  (I-V)  curves  of  all  single-well  RTDs  is  the  i»ecipitous 
drop  of  the  current  in  the  NDR  region  between  the  peak  and  valley  voltages.  While  this 
characteristic  is  ideally  suited  to  switching  applications  [2],  it  is  often  detrimental  in  analog 
applications  such  as  oscillators.  In  this  letter,  we  demonstrate  a  diode  having  a  much  broader 
NDR  region  than  the  typical  single-well  RTD,  and  we  show  that  the  oscillator  power  can  be 
increased  by  the  broad  NDR  region. 

The  diode  in  the  present  study  was  originally  designed  to  see  if  high  peak  current  density 
Jp  could  be  achieved  in  multiple-well  structures  aixl  to  search  for  new  resonant-tunneling 
effects  associated  with  the  distribution  of  electrons  over  several  quantum  wells.  Our  numerical 
simulations  showed  that  high  Jp  was  possible  by  successively  decreasing  the  well  widths 
between  the  cathode  and  anode  sides  of  the  structure.  This  approach  was  {Hoposed  several 
years  ago  by  Summers  and  Brennan  under  the  title  variably  spaced  superiattice  energy  filters 
[3].  In  their  structures  the  width  of  adjacent  quantum  wells  was  substantially  different,  which 
resulted  in  a  (hstinct  peak  in  the  I-V  curve  fw  each  quasibound  level  in  the  structure.  In  the 
present  structure  adjacent  wells  have  a  much  smaller  difference  in  widdi,  leading  to  a  strong 
interaction  between  nearest  quasibound  levels  and  giving  the  broad  NDR  region  that  we 
observe. 

The  diodes  were  fabricated  from  a  wafer  containing  qritaxial  layers  of  and 

AlAs  on  an  n^-InP  substrate.  The  layers  were  grown  by  molecular  beam  epitaxy  at  SOO^ 
The  Ihoj3Gao^7As/AlAs  material  systun  was  chosen  in  liev  the  more  common 
GaAs/AljiGa|_,iAs  system  because  of  its  superior  resonant-tunneling  (soperties.  The  tunneling 
structure  consists  of  four  undoped,  1.4-nm-thick  AlAs  barriers  separated  by  three  undoped 
Ino,53Gao^7As  quantum  wells  of  graded  width.  Starting  from  the  bottom  (or  substrate)  side,  the 
widths  of  the  quantum  wells  are  4.0,  4.6,  and  S.2  niiL  Outside  of  the  tunneling  structure  are 
lightly  doped  (Np  =  2x10*^  cm~^  spacer  layers  of  thickness  50  and  10  nm  on  the  bottom  and 
top  sides,  respectively.  Outside  of  the  spacer  layers  are  thick  n^  regions  doped  to 
Nd  ~  IxlO’*  cm~^.  The  latter  le^ns  serve  as  die  top  and  bottom  contacts,  ^sas  were  fabri¬ 
cated  by  defining  8-pm-square  metal  pads  on  the  top  surface  and  wet  etching  to  qiproximately 
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0.1  nm  below  the  tunnel  structure  using  a  H3P04-based  wet-etch  solution.  Electrical  contact 
was  made  to  the  top  pad  by  a  fine  wire  and  to  the  bottom  of  the  wafer  by  soldering. 


The  experimental  room-temperature  I-V  curve  obtained  by  conventional  wafer  probing  is 
shown  in  Fig.  1(a).  Negative  bias  was  applied  to  the  tq>  contact,  and  the  solid  and  dashed 
lines  represent  dc-stable  and  dc>unstable  regions,  respectively.  The  I-V  curve  has  three  current 
peaks  near  bias-voltage  magnitudes  Vq  of  1.6,  2.6,  and  3.S  V,  and  labded  A,  B,  and  C,  respec¬ 
tively.  The  current  density  at  peak  A  is  1.1x10*  A  cm~^,  which  is  very  close  to  the  therxetical 
value  calculated  below.  At  least  two  closely  spaced  NDR  regions  are  apparent,  containing 
broad  plateaus  centered  at  approximately  1.8  and  2.7  V,  and  a  dc  stable  positive-resistance 
region  [labeled  D  in  Fig.  1(a)]  appears  between  the  current  peaks.  With  positive  bias  applied 
to  the  top  contact,  the  I-V  curve  displays  three  well  separated  current  peaks  with  only  the 
second  peak  having  a  substantial  NDR  region.  The  positive-biased  I-V  curve  is  less  interesting 
than  the  negative-biased  curve  and  thus  will  not  be  discussed  further. 


In  double-barrier  RTDs,  a  plateau-like  struchue  in  an  NDR  region  is  usually  indicative  of 
oscillations  occurring  between  the  diode  and  the  measurement  circuit  To  ascertain  the  nature 
of  the  NDR  plateaus  in  the  present  diode,  we  mounted  an  8x8-iun  device  in  a  coaxial  package 
and  induced  oscillations  with  a  double-stub  tuner  ctHurected  between  the  diode  package  and  a 
microwave  spectrum  analyzer.  Oscillations  were  observed  in  the  NDR  plateaus  above  current 
peaks  A  and  B  that  were  similar  to  the  oscillations  in  single-well  RTDs,  having  a  power  of  a 
few  |iW  and  a  frequency  that  varied  greatly  with  the  adjustment  of  the  tuner.  However,  much 
more  powerful  oscillations  were  reserved  in  the  intermediate  legioo  D.  The  most  poweifol 
oscillations  in  this  region  were  0.44  mW  at  4.92  GHz,  0.S3  mW  at  12.2  GHz,  and  0.46  mW  at 
16.3  GHz.  The  small  change  of  power  with  frequency  suggests  that  the  maximum  frequent  at 
which  these  oscOlatitMU  can  occur  is  very  high. 


The  fact  that  the  device  oscillates  at  all  values  of  V^  between  \JS  and  2.9  V  indicates  that 
the  intrinsic  I-V  curve  0^.e.,  the  I-V  curve  measured  in  the  absence  of  oscillation)  fids  device 
may  contain  an  NDR  region  over  this  entire  range.  To  investigate  this  possibility,  we  rqrlaced 
the  coaxial  tuner  with  an  attenuator  mounted  in  close  jMoxinuty  to  fiie  device  to  eliminate  die 
circuit  resonances.  The  resulting  I-V  ciuire  is  shown  in  Kg.  1(b)  and  diqilays  a  nearly  continu¬ 
ous  NDR  region  between  1.6  and  2.9  V.  The  roughness  just  above  the  current  peak  at  1.6  V  is 
thought  to  be  caused  by  oscillations  occurring  at  frequencies  well  above  the  22-GHz  fiequen^ 
limit  of  the  spectrum  analyzer.  The  1.3-V  width  rtf  die  NDR  regron  in  Rg.  1(b)  is  much 


greater  than  the  qiproximately  0.4-V  width  ci  die  NDR  region  in  typical  single-well  RTDs. 


For  comparisrMi,  die  I-V  curve  of  a  single-well  In(L53Ga0,47As/AlAs  RTD  having  nearly  the 


same  peak  cunrent  and  cladding-layer  doping  profile  as  the  present  device  is  shown  in  Fig.  1(b). 

To  understand  the  physical  cause  of  the  broad  NDR  region,  we  have  simulated  the  electri¬ 
cal  current  through  the  triple-well  structure  using  a  stationary-state  model  In  this  model  the 
current  in  each  longitudinal  energy  interval  is  the  i^oduct  of  the  quantum^nechanical  coherent 
transmission  probability  T*T  through  the  structure  and  the  supply  function  S(El)  [4]  of  elec¬ 
trons  on  the  cathode  side  [S].  The  resulting  I-V  curve  fnr  tire  triple-well  structure  with  negative 
bias  applied  to  the  top  contact  is  shown  in  Hg.  2.  A  prominent  feature  of  this  curve  is  the 
chair-like  structure  extending  between  1.0  and  1.S  V.  This  behavirv  is  quite  unlike  anything 
seen  in  the  theoretical  I-V  curves  of  single-well  RTDs.  As  discussed  below,  it  can  be 
explained  by  the  effect  of  resonant  turmeling  through  two  closely  spaced  kvds. 

The  chair  structure  in  the  theoretical  I-V  curve  can  be  explained  by  examining  separately 
computed  curves  of  T*T  and  SCEJ  vs  bias  voltage.  In  computing  T*T,  we  assumed  that  the 
electric  field  across  the  tunnel  structure  is  uniform  and  took  the  zero  of  energy  as  the  condue- 
tion  band  edge  on  the  cathode  side.  The  dq>endence  of  T*T  and  S(E|^  upon  energy  for  several 
values  of  Vg  is  shown  in  Fig.  3.  At  zero  bias  [Hg.  3(a)],  T*T  displays  a  triplet  of  peaks 
corresponding  to  the  quasibound-state  energies  for  the  4.0-,  4.6-,  and  5.2-iun  wells  of  » 
0.143  eV,  Ei^  a  0.170  eV,  and  £1,3  «  0.204  eV,  respectively  (the  symbol  denotes  the  mth 
quasibound  level  in  the  nth  quantum  well  from  the  cathode  side).  With  incttasing  bias,  B13 
drops  most  rapidly,  followed  by  E|;2  ^  ^.1*  of  Vg  -  0.39  V  [Rg. 

3(b)],  the  three  states  i^)proach  a  point  of  minimum  energy  sqMuatioo  and  high  combined 
transmission  probability.  However,  practically  no  current  flows  at  this  bias  because  the 
snudl  overlap  between  T*T  and  S(El). 

At  Vg  a  0.96  V  [Fig.  3(c)],  corresponding  to  the  current  peak  in  Fig.  2,  the  overlr^ 
between  T*T  and  SOBJ  is  large,  and  the  sq»ration  between  transmissimi  peaks  is  much  greater 
than  at  lower  voltages  because  the  bias  electric  field  has  caused  the  levds  to  interchange  their 
order  in  energy.  The  dominant  transmission  peak  associated  witii  is  reproaching  the  lower 
edge  of  the  supply  function,  which  explains  the  sharp  drop  at  1.1  V  in  Fig.  2.  Between  1.1  and 
1.6  V,  the  transmission  through  the  structure  acquires  a  mixed  nature  as  the  probability  of 
resonant  tunneling  through  decreases  and  tire  probability  through  E|j  ncteases.  The  same 
type  of  mixing  occurs  between  E}^  and  Ej^  at  a  lower  bias  field  [c.f..  Fig.  3(b)],  but  the  over¬ 
lap  between  T*T  and  SOBl)  is  so  slight  that  there  is  no  discemable  effect  k  die  I-V  curve.  At 
the  highest  Vg  of  1.41  V  [Rg.  3(d)],  the  only  transmission  peak  of  die  triplet  that  remains 
within  the  supply  function  is  Ei,}.  With  a  further  increase  in  bias,  this  peak  drops  below  tiie 
supply  function  giving  rise  to  the  sharp  drop  in  Rg.  2  at  1.6  V.  The  shaipaess  of  both  drops 


results  from  the  narrowness  of  the  quasibound'State  transmission  resonances  for  the  two  levels 
in  the  coherent  model  Experimentally  these  resonances  are  greatly  broadened  by  scattering 
processes  in  the  structure.  The  broadening  has  the  effect  of  smearing  out  the  sharp  transitions 
and  rendering  a  smoother  1-V  curve  like  the  experimental  one  in  Fig.  1(b). 

Two  other  essential  features  of  the  theoretical  I-V  curve  are  explained  by  the  behavior  of 
T*T,  but  are  not  examined  by  the  graphs  i»esented  here  for  bieviQf.  Ihe  small  undulation  in 
Fig.  2  just  below  0.5  V  it  caused  by  the  drop  of  Bi^  below  the  supply  function.  An  NDR 
region  region  is  not  observed  because  of  the  sntall  peak  magnitude  oi  T*T  through  Ei^  at  this 
bias.  The  NDR  region  between  3.4  and  3.6  V  in  Figs.  1  and  2  is  caused  by  resonant  tunneling 
through  E2,3-  Although  the  peak  transmission  through  this  level  is  small,  the  NDR  region  is 
substantial  because  of  the  large  transmission  width. 

An  interesting  by-product  of  the  analysis  is  the  close  agreement  between  the  experimental 
and  theoretical  peak  currents  in  Figs.  1  and  2.  This  is  reminiscent  of  the  favorable  comparison 
of  these  quantities  in  single-well  RTDs.  In  the  single-well  case,  it  was  argued  that  the  inelastic 
scattering  neglected  by  the  coherent  model  greatly  reduces  the  peak  transmission  but  leaves  the 
integrated  transmission  unchanged  [6,7].  This  means  that  the  peak  current  is  also  unchanged  if 
the  range  of  high  transmission  probability  in  the  presence  of  scattering  remains  less  than  the 
Fermi  energy  on  the  cathode  side  of  the  structure.  The  same  argument  carries  over  to  the 
multiple-well  structures  since  the  physical  basis  for  the  argument  -  the  Breit-Vi^gner  formalism 
of  inelastic  scattering  -  also  applies  to  these  structures.  However,  as  in  the  single-well  case, 
the  neglect  of  scattering  in  the  coherent  model  leads  to  an  underestimation  of  the  current  at  any 
of  the  valley  points.  For  example,  the  thecwetical  valley  current  at  2.1  V  in  Hg.  2  is  approxi¬ 
mately  three  orders  of  magnitude  lower  than  the  oxreqxxiding  experimental  valley  current  at 
2.8  V  in  Fig.  1(b).  This  is  far  greater  than  the  discrqnncy  dial  occms  widi  typical  single-well 
Ino^3Gao^7As/AlAs  RTDs  and  is  probably  caused  by  a  r^  increase  in  the  indastic  scattering 
probability  with  the  number  of  quantum  wells  in  the  resonant-tunneling  structure. 

The  broadened  NDR  region  of  the  triple-well  RTD  should  provide  a  significant  advantage 
over  the  single-well  RTD  in  terms  of  oscillaure  power.  To  demonstrate  this,  we  compared  the 
oscillator  performance  die  triple-well  RTD  with  that  of  die  single-well  RTD  of  Fig.  1(b). 
The  results  ate  shown  in  Fig.  4.  Both  devices  were  mounted  in  the  same  SO-O  coaxial  resona- 
ux  for  oscillations  up  to  20  GHz,  and  the  results  shown  for  the  single-wdl  RTD  at  higher  fine- 
quencies  were  obtained  sqnratdy  in  a  waveguide  resonator.  Near  10  GHz  the  triple-well  RTD 
generates  an  output  power  diat  is  neatly  4  times  greater.  Fiirdier  tests  of  die  triple-well  RTD 
are  underway  at  frequencies  above  20  Gib.  We  are  also  investigating  patalld  arrays  ot  these 


diodes  to  increase  the  output  power  to  values  well  above  1  mW.  To  date,  the  highest  power 
obtained  from  such  an  array  is  S  mW  near  1.2  GHz  [8]. 

In  conclusion,  we  have  demonstrated  an  enhanced  NDR  effect  in  a  triple-well  RTD  that 
we  attribute  to  mixed  resonant-tunneling  through  adjacent  quasibound  levels.  This  new  effect 
is  characterized  by  a  much  broader  NDR  region  than  occurs  in  single-well  RTDs,  which  is  use¬ 
ful  for  oscillators  and  other  analog  devices.  The  triple-well  diode  also  represents  a  return  to  the 
supeilattice-like  structures  that  promised  exciting  transport  phenomena,  such  as  Bloch  oscilla¬ 
tions,  but  never  perfcumed  as  expected.  The  improved  understanding  of  resonant  tunneling 
acquired  through  research  on  single-well  structures  combined  with  the  steady  improvement  in 
heterostructure  materials  now  make  such  devices  realizable. 
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Research,  the  Army  Research  Office,  and  NASA. 


References 


[1]  E.R.  Brown,  J.R.  SMerstiOm,  CJ>.  P^er,  L.I.  Mahoney,  K.M.  Molvar,  and  T.C  McGill, 
AppL  Phys.  UtL  58,  2291  (1991). 

[2]  E.  Ozbay  and  D.M.  Bloom,  TREE  Electron  Dev.  Lett  12, 480  (1991). 

[3]  C  J.  Summers  and  K.F.  Brennan,  Appl.  Phys.  Lett  48, 806  (1986). 

[4]  C.B.  Duke,  Tunneling  in  Solids^  Solid  State  Physics  (Academic,  New  York,  1969). 

[5]  R.  Tsu  and  L.  Esaki,  Ap{d.  Phys.  Lett  22, 562  (1973). 

[6]  T.  Weil  and  B.  Vinter,  Appl.  Phys.  Lett  SO,  1281  (1987). 

[7]  M.  Bttttiker,  IBM  J.  Res.  Dev.  32,  63  (1988). 

[8]  K.D.  Stephan,  E.R.  Brown,  S.C.  Wong,  K.M.  Molvar,  A.R.  Calawa,  and  MJ.  Manfra,  to 
be  published. 


-8- 


Figure  Captions 


Fig.  1.  (a)  Room-temperatuie  I-V  curves  of  triple-well  RTD.  The  dashed  regions  represent 

discontinuous  transitions  resulting  from  self>rectification  of  oscillations  occurring  in 
NDR  regions,  (b)  I-V  curve  of  the  same  triple-well  RTD  as  in  (a)  but  mounted  in  a 
coaxial  package  configured  to  suppress  oscillatioos  up  to  at  least  22  GHz.  The  I-V 
curve  of  a  single-well  RTD  having  nearly  the  same  peak  current  is  also  shown  for 
comparisoiL 

Fig.  2.  Theoretical  I-V  curve  of  a  triple-well  RTD,  as  computed  from  a  stationary-state 
model  of  resonant  tunneling.  The  chair-like  structure  between  1.1  arMl  1.5  V  is 
caused  by  mixed  resonant  tunneling  through  two  adjacent  levels  of  the  structure. 


Fig.  3.  Transmission  probability  (solid  curve)  and  supply  function  (dashed  curve)  for  the 
triple-well  RTD  at  specific  bias  voltages  across  the  active  region  of  the  device,  (a) 
Vg  =  0.0,  (b)  Vg  a  0.39  V,  (c)  Vg  =  0.96  V,  arxl  (d)  Vg  *«  1.41  V.  A  uniform  elec¬ 
tric  field  was  assumed  to  exist  across  the  triple-well  structure. 

Fig.  4.  Oscillation  power  of  the  triple-well  and  single-well  RTDs  having  die  I-V  curves  in 
Fig.  1(b). 
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resonant  tunneling  diodes 

J.  R.  SMerstr<>m‘^ 

T.  J.  Watson,  Sr,  Laboratory  of  Applied  Physics,  California  Institute  of  Technology,  Pasadena, 

California  91125 

E.  R.  Brown,  C.  D.  Parker,  and  L.  J.  Mahoney 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology,  Lexington.  Massachusetts  02173-9108 

J.  Y.  Yao  and  T.  G.  Andersson 

Department  of  Physics.  Chalmers  University  of  Technology.  S-412  96  Gothenburg,  Sweden 

T.  C.  McGill 

T.  J.  Watson,  Sr,  Laboratory  of  Applied  Physics,  California  Institute  of  Technology,  Pasadena, 

California  91125 

(Received  23  August  1990;  accepted  for  publication  9  November  1990) 

High  quality  resonant  tunneling  diodes  have  been  fabricated  from  the  InAs/AlSb  material 
system  (InAs  quantum  well  and  cladding  layers,  AlSb  barriers)  on  (lOO)GaAs 
substrates.  A  diode  with  a  6.4-nm-thick  InAs  quantum  well  and  l.S-nm-thick  AlSb  barriers 
yielded  a  room-temperature  peak  current  density  of  3.7  x  10*  A  cm~^  and  peak-to-valley 
current  ratio  of  3.2.  This  corresponds  to  an  available  current  density  of  2.6  X  10*  A  cm  -  ^ 
which  is  comparable  to  that  of  the  best  Ino.s3Gao.47As/AlAs  diodes  grown  on 
lattice-matched  substrates  and  is  three  times  higher  than  that  of  the  best  GaAs/AlAs  diode 
reported  to  date.  These  results  were  obtained  in  spite  of  a  7.2%  lattice  mismatch  between 
the  InAs  epilayers  and  the  GaAs  substrates,  which  leads  to  a  measured  threading 
dislocation  density  of  roughly  lO’  cm  ~  The  experimental  peak  voltage  and  current  density 
are  in  good  agreement  with  theoretical  calculations  basetkon  a  stationary-state  transport 
model  with  a  two-band  envelope  function  approximation. 


Since  the  first  observation  of  negative  differential  resis¬ 
tance  (NDR)  in  semiconductor  resonant  tunneling  diodes 
(RTDs),'  there  has  been  great  interest  in  using  these  de¬ 
vices  in  high-speed  analog  and  digital  applications.  The 
most  promising  analog  application  is  oscillators  for  the 
terahertz  frequency  range.  RTDs  made  from  the  GaAs/ 
AlAs  material  system  (GaAs  quantum  wells  and  cladding 
layers,  AlAs  barriers)  have  previously  yielded  oscillations 
up  to  420  GHz,  but  various  materials  parameters  presently 
preclude  operation  at  higher  frequencies.^  In  order  to  cir¬ 
cumvent  there  problems,  other  material  systems  such  as 
InGaAs/AlAs  (Ref,  3)  and  InAs/AlSb,^’  have  been  in¬ 
vestigated. 

In  this  study  we  have  fabricated  three  wafers,  each 
containing  an  InAs/ AlSb  double-barrier  structure  de¬ 
signed  for  high  current  density  and  high  speed.  One  of  the 
wafers  has  yielded  RTDs  that  have  oscillated  up  to  about 
700  GHz,  which  is  the  highest  frequency  obtained  in  any 
solid-state  oscillator  at  room  temperatures.*  The  results  of 
the  microwave  measurements  will  be  presented  elsewhere. 
This  letter  reports  on  the  epitaxial  growth  of  these  devices, 
the  study  of  their  structural  properties  by  transmission 
electron  microscopy  (TEM),  the  measurement  of  current 
density  versus  voltage  (J-K)  curves  of  high  current  density 
diodes,  and  the  calculation  of  theoretical  J-V  curves  using 
a  two-band  envelope  function  model. 

The  epitaxial  layers  of  the  three  wafers  were  grown 
using  an  MBE  system  equipped  with  As  and  Sb-cracker 
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sources.  The  InAs  and  AlSb  layers  were  all  grown  at 
5(X)  ’C  on  ( 100)GaAs  substrates.  The  active  region  of  each 
sample  consists  of  an  AlSb-InAs-AlSb  double-barrier  het¬ 
erostructure,  lightly  doped  InAs  spacer  layer  immediately 
outside  of  the  barriers,  and  heavily  doped  InAs  contact 
layers  outside  of  the  spacer  layers.  In  each  sample,  the 
InAs/ AlSb  heterojunctions  were  grown  to  be  InSb-like  in 
accordance  with  the  suggestion  that  this  leads  to  fewer 
surface  states  than  the  AlAs-like  interface.^  To  achieve  the 
InSb  interface  at  an  InAs/AlSb  heterojunction,  the 
effusion-cell  shutter  sequence  was  to  close  the  In  and  As 
shutters  and  open  the  Sb  shutter  simultaneously,  wait  five 
seconds,  and  then  open  the  A1  shutter.  The  inverse  se¬ 
quence  was  used  at  the  AlSb/InAs  heterojunctions. 

The  epitaxial  layers  between  the  substrate  and  the 
double-barrier  structure  are  the  same  in  each  sample.  The 
bottom  buffer  layer  consists  of  500  nm  of  undoped  GaAs. 
The  next  layer  consists  of  a  five-period 
Ino.7Gao.3As/GaAs  (2  monolayers/2  monolayers)  super¬ 
lattice  grown  at  520  *C.  This  layer  is  an  attempt  to  acco¬ 
modate  the  at  7.2%  lattice  mismatch  between  InAs  and 
GaAs.  The  following  layer  is  a  1.0-/im-thick  InAs  buffer 
that  is  Si  doped  to  a  concentration  of  5  X  lO'*  cm  “ 

The  InAs  layer  on  top  of  the  buffer  is  200  nm  thick  and  is 
doped  n  type  XoNd  =  2x  lO'*  cm  “  *.  This  layer  is  designed 
to  form  the  anode,  or  collector  region  of  the  biased  device. 
The  following  InAs  spacer  layer,  which  comes  directly  be¬ 
low  the  double-barrier  structure,  is  75  nm  thick  and  is 
doped  to  N[fSt2x  lO”  cm  “  *.  This  spacer  layer  is  designed 
to  be  fully  depleted  at  a  bias  voltage  in  the  NDR  region,  so 
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FIG.  1.  TEM  micrograph  of  sample  B  displaying  the  structural  quality  of 
the  InAs/AISb  structure  grown  on  GaAs  substrates.  Label  key:  (1) 
GaAs.  (II)  InGaAs/GaAs  superlattice.  (Ill)  InAs  buffer  layer.  (IV) 
InAs/AlSb  double-barrier  structure,  ( V )  InAs  cap  layer,  and  ( VI )  amor¬ 
phous  silicon  from  the  TEM  sample  preparation.  The  lattice  mismatch 
between  GaAs  and  InAs  results  in  a  threading  dislocation  density  of 
about  10'  cm  ’  at  the  surface  of  the  wafer. 

that  the  specific  capacitance  of  these  diodes  is  low  enough 
for  high-speed  operation. 

The  active  regions  of  the  three  samples  differ  only  in 
the  barrier  thickness  and  in  the  thickness  of  the  spacer 
layer  above  (i.e.,  opposite  to  the  substrate)  the  double¬ 
barrier  structure.  In  samples  A,  B,  and  C,  the  AlSb  barrier 
thickness  is  nominally  1.8  nm  (6  monolayers),  1.5  nm  (5 
monolayers),  and  1.5  nm,  respectively,  and  the  top  spacer 
thickness  is  20  nm,  20  nm,  and  10  nm,  respectively.  The 
InAs  quantum  well  of  each  sample  is  6.4  nm  thick  and  is 
undoped,  and  the  top  spacer  layer  is  doped  n  type  to 
2x  lO'*”  cm  '  I  From  the  top  of  the  spacer  layer  to  the 
surface  of  the  wafer,  the  epilayers  are  again  the  same  in 
each  wafer.  Immediately  above  the  spacer  is  a  100-nm- 
thick  layer  of  InAs  doped  n  type  to  iV^  =  2  X  10‘*  cm  “  \ 
which  corresponds  to  a  Fermi  energy  of  0.21  eV  at  room 
temperature.  This  is  the  intended  injection  layer  (i.e.,  the 
layer  where  the  band  bending  across  the  active  region 
starts).  The  next  epilayer  consists  of  100  nm  of  InAs  that 
is  heavily  doped  (.¥05  5x10'**  cm  ’)  to  improve  the 
quality  of  the  ohmic  contact.  The  ohmic  contact  is  pro¬ 
duced  in  situ  by  depositing  20  nm  of  indium  in  the  MBE 
machine  before  exposing  the  device  to  atmosphere. 

To  determine  the  material  quality  of  the  samples,  we 
carried  out  TEM  measurements  in  a  manner  described  in 
Ref.  10.  Figure  1  shows  a  TEM  cross-section  dark  field 
image  (g  =  200)  of  sample  B.  The  7.2%  lattice  mismatch 
causes  the  formation  of  misfit  dislocations  in  the  interface 
that  transform  into  threading  dislocations  propagating 
through  the  epitaxial  film.  From  Fig.  1,  we  see  that  the 
dislocations  penetrate  through  the  InAs/AlSb  double¬ 
barrier  structure  without  forming  any  misfit  dislocations  at 
the  heterointerfaces.  A  plan-view  specimen  was  also  pre¬ 
pared  from  sample  B  and  the  dislocation  density  at  the  top 
of  the  wafer  was  measured  to  be  approximately  1  X  10** 
cm 

The  processing  of  the  wafers  into  diodes  was  com¬ 
pleted  by  standard  fabrication  steps,  starting  with  the  dep¬ 
osition  of  400  nm  of  gold  on  top  of  the  20-nm-thick  in  situ 
indium  layer.  Round  contacts  ranging  in  diameter  from  1 
to  8  ^m  were  then  patterned,  and  diodes  were  isolated  by 


VOLTAGE  (V) 


FIG  2.  Experimenlal  current  density  vs  voltage  characteristics  at  rtxtm 
temperature  tor  the  three  samples  studied.  At  positive  bias  the  peak  cur¬ 
rent  densities  are  1.1  ■  10 . 2.2  <  10\  and  ■  10*  .A  cm  ".  and  the  best 
peak-to-v  alley  current  ratios  were  j.5.  3.3.  and  3.2  for  samples  A.  B.  and 
C.  respectively. 

wet  chemical  etching.  The  gold-indium  contacts  were  not 
annealed  or  alloyed  in  any  way.  The  experimental  room- 
temperature  J-  y  curves  of  the  three  samples  are  shown  in 
Fig,  2.  The  polarity  of  the  voltage  in  Fig.  2  corresponds  to 
the  polarity  of  the  voltage  applied  to  the  substrate  side  of 
the  diodes.  For  each  sample  the  current  density  is  much 
smaller  with  negative  voltage  consistent  with  the  asymmet¬ 
ric  doping  profile.  The  75-nm-thick  spacer  layer  forms  a 
large  potential  barrier  to  electrons  emanating  from  the 
heavily  doped  contact  layer.  We  will  henceforth  concen¬ 
trate  on  the  positive  polarity  in  Fig.  2  since  high  current 
density  is  desirable  for  high-speed  operation.  Sample  A  has 
a  peak  current  density  of  about  1 . 1  X  10^  A  cm  “  ^  and  a 
peak-to-valley  current  ratio  (PVCR)  ranging  from  2.7  to 
3.5  in  diodes  measured  across  the  wafer.  Sample  B  has  a 
much  larger  J^,  of  2.7 X  10‘  A  cm"'  with  only  a  slight 
reduction  of  the  PVCR  in  the  range  2.5  to  3.3.  The  in¬ 
creased  current  density  reflects  the  smaller  AlSb  barrier 
thickness  (1.5  nm)  of  sample  B  compared  to  sample  A 
( 1.8  nm).  Sample  C  had  the  highest  J^,  of  all,  3  3.7X  lO'  A 
cm  '.  and  a  PVCR  range  of  2.2  to  3.2.  The  increase  in 
over  sample  B  reflects  the  reduction  in  spacer-layer  thick¬ 
ness  on  the  top  side  to  10  nm.  These  results  represent  a 
great  improvement  over  GaAs/AlAs  diodes  in  terms  of  the 
available  current  density.  isJ  =  J^  —  J  ,  where  J,.  is  the  val¬ 
ley  current  density.  is  an  important  figure  of  merit  for 
RTDs  in  most  applications.  For  example,  sample  C  yields 
AJS  2.6x1  O’  A  cm  "  ^  compared  to  the  best  reported 
value  of  Ay  =  7.8  X  lO"*  A  cm  '  GaAs/ A1  As  diodes."  Our 
Ay  result  is  comparable  to  the  best  reported  value. 
Ay=  3.2  X  lO'  A  cm  " for  In,)  5jGa„47As/AsAs  diodes, 
which  were  fabricated  on  lattice-matched  InP  substrates.'’ 

A  comparison  of  the  experimental  y-F  curves  to  theo¬ 
retical  prediction  has  been  carried  out.  The  traditional  way 
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FIG.  Comparison  of  ihe  o.xperimenlal  (dashed  line)  and  theoretical 
./-t '  carves  for  sample  B  at  room  temperature.  The  dash-dot  segment  of 
the  e.xperimental  curve  connects  the  peak  point  to  a  bias  point  lying  just 
above  the  valley,  and  is  unrelated  to  the  intrinsic  V-l  curve  in  the  NDR 
region. 

to  compute  J-V  curves  for  the  RTDs  is  to  use  the 
stationary-state  method  in  conjunction  with  the  one-band 
envelope  function  (or  effective  mass)  approximation.” 
This  method  has  been  used  successfully  in  predicting  peak 
currents  and  peak  voltages,  but  is  likely  to  fail  in  InAs/ 
AlSb  RTDs  because  of  the  small  band  gap  of  InAs  and 
because  of  the  type-II  (staggered)  band  offset  of  the  InAs/ 
AlSb  heterojunction.  This  band  offset  causes  the  electrons 
to  tunnel  through  the  barriers  close  to  the  valence-band 
edge  of  the  AlSb  and  requires  that  the  valence  band  be 
included  to  obtain  an  accurate  calcclation  of  the  tunneling 
properties.”  We  have  recently  developed  a  stationary -state 
model  with  a  two-band  envelope-function  approximation 
that  includes  the  conduction  and  light  hole  valence  bands, 
and  incorporates  a  detailed  accounting  for  the  band  bend¬ 
ing  in  the  tunnel  structure.” 

Theoretical  J-  V  curves  for  sample  B  are  shown  in  Fig. 
3  along  with  the  experimental  T- 1  curve  at  room  temper¬ 
ature.  It  is  evident  that  the  two-band  model  provides  good 
agreement  with  the  peak  current  density  and  peak  voltage, 
and  this  is  achieved  without  the  use  of  any  fitting  param¬ 
eters.  The  corresponding  theoretical  values  are  both  within 
about  20%  of  the  experimental  ones.  However,  the  theory 
underestimates  the  valley  current  by  about  a  factor  of 
twelve.  To  show  the  importance  of  the  two-band  envelope 
function  model  in  the  present  structure,  we  also  plot  in  Fig. 
3  the  theoretical  7-1' curve  assuming  a  one-band  model. 
The  one-band  model  underestimates  the  peak  current  by 
approximately  a  factor  of  five.  This  difference  stems  largely 
from  the  fact  that  the  electrons  tunnel  from  the  InAs 
through  the  AlSb  barrier  close  to  the  valence-band  edge  of 
the  AlSb. 

A  surprising  result  of  this  work  is.  that  diodes  with 
such  high  dislocations  densities  of  lO’  cm  '.  correspond¬ 
ing  to  about  30  dislocations  per  2-/im-diam  device,  can 
display  excellent  resonant  tunneling  characteristics.  Our 
explanation  is  that  the  dislocations  are  relatively  inactive  in 
the  tunneling  process.  W'e  surmise  that  the  dislocations  do 
not  provide  a  low-impedance  (i.e.,  short-circuit)  path  for 
electrons,  and  do  run  scatter  the  electrons  significantly. 
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The  first  point  is  supported  by  the  fact  that  the  experimen¬ 
tal  peak  current  density  is  accurately  predicted  by  theory, 
and  the  second  point  is  supported  by  the  fact  that  the 
valley  current  density  of  our  devices  is  similar  to  that  of 
lattice-matched  GaAs/AlAs  or  InGaAs/AIAs  diodes  hav¬ 
ing  comparable  peak  current  density. 

In  summary,  we  have  fabricated  In  As/ AlSb  double¬ 
barrier  resonant  tunneling  diodes  with  peak  current  densi¬ 
ties  up  to  3.7  '  lO'  A  cm  ’  and  high  peak-to-valley  cur¬ 
rent  ratios  of  3.2  at  room  .emperature.  Because  of  the 
7.2%  lattice  mismatch  between  the  GaAs  substrate  and  the 
InAs  epilayers,  the  dislocation  density  in  our  diodes  is 
about  1  X  lO'*  cm  In  spite  of  this,  the  peak  current  den¬ 
sity  is  well  explained  by  a  stationary-state  transport  model 
with  the  two-band  envelope  function  approximation.  The 
valley  current  density  predicted  by  this  model  is  less  than 
the  experimental  value  by  a  factor  that  is  typical  of  the 
discrepancy  found  in  other  double-barrier  structures  such 
as  GaAs/AlAs  or  In^  xxGa,,  47AS/AIAS.  These  facts  lead  us 
to  conclude  that  threading  dislocations  are  largely  inactive 
in  the  resonant  tunneling  process.  This  is  an  important 
conclusion  from  a  technological  point  of  view,  since  GaAs 
substrates  are  much  more  desirable  than  the  two  lattice- 
matched  substrates.  InAs  or  GaSb.  for  making  monolithic 
integrated  circuits. 

We  wish  to  thank  E.  T.  Yu  of  the  California  Institute 
of  Technology  for  assistance  in  the  band  bending  and  cur¬ 
rent  density  calculations.  K.  M.  Molvar  of  Lincoln  Labo¬ 
ratory  for  assistance  in  the  fabrication.  S.  J.  Eglash  for 
useful  discussions  regarding  the  materials  growth,  and  R. 
A.  Murphy  and  A.  L.  McWhorter  for  important  comments 
on  the  manuscript.  This  work  was  sponsored  by  the  Air 
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APPENDIX  F 


Effects  of  Lattice  Mismatch  on  InAs/AISb  ResonantTunneling  Diodes 

SJ.  Eglash,  B.R.  Brown»  O.W.  TUrntf,  J.V.  Pantano,  and  D.R.  Calawa 
Linooln  Laboraloiy,  Massachusetts  Institute  of  Technology 
Lexington.  MA  02173-9108 


Excellent  dc  and  microwave  characterist^  have  been  iqxxied  for  lesonant-tunoeling 
diodes  (RTDs)  Incoiporating  InAs/AlSb  double-barrier  smuctum  grown  MBB  on  GaAs 
substrates  [1.2],  even  OKMigh  such  stnictuies  contain  about  lO’  cm*^  dueading  <&locations  formed 
because  of  the  1%  lattice  mismatch  between  InAs  and  GaAs  O^gs.  1  and  2).  mth  die  objective  of 
improving  device  performance  by  usin^  a  lattice-matched  substrate,  we  have  fabricated  RTDs 
incorporating  an  InAs/AlSb  double-barrier  structure  grown  on  an  InAs  substrate.  This  structure 
has  a  much  lower  defect  density  than  a  control  structure  grown  on  a  GaAs  substrate,  as  evidenced 
by  x-ray  dif^tion  and  photoluminescence  data.  However,  die  decrease  in  defect  de^ly  produces 
only  a  modest  improvement  in  the  dc  characteristics  of  the  RTDs  on  the  InAs  substrate. 

The  epilayers  grown  by  MBE  include  an  InAs  buffer  layer  as  well  as  the  double-barrier 
structure.  For  the  epilavers  on  the  InAs  substrate,  the  x-ray  itx^g  curve  has  a  narrow  central 
peak  only  14  arc-sec  wide  (FWHM)  and  exhibits  extensive  oscillations  that  arise  from  scattering 
within  the  double-barrier  structure,  in  good  agreement  with  the  simulated  curve  for  a  perfect  lattice 
(Hg.  3).  In  contrast,  the  epilayers  on  the  GaAs  substrate  exhibit  a  rocldng  curve  with  only  a  sin|je 
broad  peair  S4S  arc-sec  wide.  Fw  the  epilayers  on  the  GaAs  substrate,  the  high  density  of 
dislocations  broadens  the  rocking  curve  and  the  oscillations  are  not  visible.  The  band-Mge 
photoluminescence  peak  at  4  J  K  is  consideiaUy  narrower  and  about  tea  times  more  intense  for  & 

•  «  _ A  ^  _ _ _ ■ _ _ •_.  _  •  .. 


san^le  act  as  centers  for  nonradiative  lecomlnnatioii. 

Current-voltage  characteristics  were  measured  at  room  teroperaaire  for  ten  RTDs  fabricated 
on  each  of  the  two  substrates.  In  all  cases  die  peak  current  densi^  exceeded  1  x  lO^Acm'^.F^ 
the  devices  on  the  InAs  substrate,  the  average  peak-to-valley  current  ratio  is  4.66,  conmared  widi 
an  average  of  3.S0  for  the  devices  on  the  GaAs  substrate  (Fig.  S).  The  peak-to-vuley  ratios 
obser^  for  the  devices  on  the  InAs  substrate  are  the  hi^iestratiosrqxxiedrorsiichhiglhciBrent- 
density  InAs/AlSb  RTDs.  The  improvement  observed  for  the  InAs  devices  results  primarily  Cnom  a 
reduction  in  non-resonant  current  at  the  vall^  voltage.  Apparendy  die  Ugh  (fislomitioo  dmisity  of 
the  GaAs  devices  perotits  the  flow  of  additional  non-resonant  cunem,  bat  the  magnitude  of  this 
excess  current  is  quite  small  Since  only  a  small  penalty  in  performance  results  fiom  ndbig  a  GaAs 
substrate,  InArfAlSb  RTDs  could  find  application  in  a  number  of  GaAs-based  monoKtUc 
integral^  circuits. 

TUs  work  was  sponsored  \n  the  Draartment  of  die  Air  Force;  b  part  under  a  program 
qxmsored  by  the  Air  Foiro  Office  <rt  Sdentinc  Researdi. 
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Figure  1.  Sdttmatic  cross  section 
showing  t  lesooant-tnnne&ng  diode 
mesn  on  t  GsAs  saburate.  The 
lesonant-tiaaB^g  d&odes  fiibricsted 
for  this  stndjf  consist  of  U-nm- 
thick  AlSb  birriers.  t  7-nm-thick 
InAs  welU  and  InAs  anode  and 
cathode  layen.  Sample  were  grown 
on  InAs  and  GaAs  substrates  to 
investigate  the  effects  of  lattice 
noisma^ 
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•a  InAsfAISb  double-barrier 
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noodnaDj  idEadcal  10  die  one  giowa 
for  die  neseai  stud^.  Sudi  images 
show  a  dncadfaig  tfdocadoo  densiQr 
of  ~  l(p  cnr^  |JJL  SMerstrOm  er 
al.tAppL  fkjs.  Lett.S%,  27S 
(1991)1. 
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Figure  3.  Measured  and  simulated  double-crystal 
x-ray  rocking  curves.  The  lattice-matched  san^le 
(InAs  substrate)  exhilnts  a  rocking  curve  that  is 
considerably  narrower  than  the  mismatched 
sample  (GaAs  substrate).  The  rocldng  curve  firom 
the  lattice-matched  sample  is  in  good  agreement 
with  the  simulated  curve  for  a  penect  IiiAs/AlSb 
double-barrier  structure. 
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Figure  4.  Photoluminescence  q^tra.  The  InAs 
band-edge  photoluminescence  peak  is  narrower 
and  more  intense  for  the  lattice-matched  sample 
than  for  the  misroaidied  sairgrle. 
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Figure  5.  Room-temperature  current-voltage 
characteristics.  The  lattice-matched  sample 
exhibits  a  peak-to-vrdley  cunent  ratio  33  pcreent 
larger  than  the  mismatched  sanq>le.  Both  diodes 
display  peak  current  dendties  in  excess  of 
1 X  KPAcm"*. 
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Abstract 


The  monolithic  optoelectronic  transistor  (MOE1)  is  a  smart  pixel  device  that  uses  multiple- 
quantum- well  detectors  and  modulators,  resonant  tunneling  diodes,  and  FETs.  The 
growth  and  fabrication  of  monolithic  arrays  of  MOETs  is  discussed 
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The  monoliduc  optoelectronic  transistor  (MOEp  is  a  smart  i^el  device  dial  performs 
thresholding  and  lotic  operations  and  can  be  tailcMred  either  for  optical  logic  amlications  w 
for  optoelectronicaU)'  implemented  neural  networks.  It  diqrlays  wtical  gain,  is  cascadable, 
and  has  an  abrupt  switching  threshold  and  saturated  "on"  and  "ofiT  ou^ut  states. 

The  circuit  of  figure  1  shows  the  operation  of  die  most  rudimentary  version  of  the  MOET, 
which  performs  optical  inversion.  A  p-i-n  diode  with  a  multiple-quantum- weU  (MQW) 
intrinsic  re^on  serves  as  an  input  photodetector  and  a  separate  one  serves  as  an  ouq>ut 
modulator.  The  photocurrent  from  the  input  detector  flows  through  a  double-barrier 
resonant  tunneling  diode  (RTD),  which  has  a  region  of  negative  dmerential  resistance  in  its 
I-V  characteristic.  When  the  photocunent  excels  the  pew  current  of  die  RTD,  the  RTD 
abrupdy  swtehes  to  a  higher  voltage  operating  point  arid  this  voltsge  change  is  anqilified 
by  a  JI%r  to  drive  the  output  modmator.  Since  the  modulator  can  w  illuminated  at  much 
higher  optical  power  than  reouiitd  for  sv^tching  at  the  input,  die  MOET  di^lays  c^ti^ 
giun.  We  project  that  die  MOET  will  switch  in  10  ns  witti  10  pW  of  input  power,  or  t 
switching  energy  of  100  0. 

The  p-i>ndetectorfinodulator  structure  uses  an  asyiraiietricFibiy^erot  to  adiieve  thigh  • 
contrast  reflection  modulator  and  a  highly  efficient  photod^ecior.  This  structure  re(|uiStt 
high  puriQr  and  low  backhand  doping  ui  the  MQW,  good  control  of  layer  thidmesses, 
arid  very  onifoimity  in  layer  diickness  (<0.1%)  over  die  area  of  an  anay.  Udng  gas> 

source  MBE,  we  have  grown  a  detectoi/modulator  structure  wiA  65:1  contrast  at  8  V, 
quantum  efficiency  as  a  photodetector,  and  high  thickness  uniformity  (03%  over  a  2-ifi» 
wafer). 

The  RTD  p^  current  detemtines  die  input  optical  power  required  for  switdimg. 

Therefore,  high  optical  gain  reqiures  an  RTD  widi  low  pedtcuireiiL  A  tystematic  study  to 
optintize  barrier  compodtion  has  ]4elded  RTDs  widi  pew  cmcat  densities  under  100 
AAcii^  with  peak-to-vaUqr  current  ratios  of  meue  than  Z 

We  (fiscuss  the  growth  and  fiibrication  erf  die  MOET  stnictnre  and  the  successful 
achievernentofhighperfonnanoeineachofitscriticdcoiimoneiils.  Alternative  verrfems  of 
die  MOCT  will  be  describe 
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Oscillations  have  been  obtained  at  frequencies  from  1(X)  to  712  GHz  in  InAs/AlSb 
double-barrier  resonant-tunneling  diodes  at  room  temperature.  The  measured  power  density 
at  360  GHz  was  90  W  cm  ~  ^  which  is  SO  times  that  generated  by  GaAs/AlAs  diodes 
at  essentially  the  same  frequency.  The  oscillation  at  712  GHz  represents  the  highest  frequency 
reported  to  date  from  a  solid-state  electronic  oscillator  at  room  temperature. 


The  double-barrier  resonant-tunneling  diode  (RTD) 
has  demonstrated  useful  high-speed  characteristics  as  an 
oscillator  and  a  switch.  Until  recently  most  of  the  high¬ 
speed  experiments  have  been  conducted  with  RTDs  made 
from  the  GaAs/ALAs  material  system  (GaAs  quantum 
well  and  cladding  layers,  AlAs  barriers).  Oscillators  made 
from  such  diodes  have  operated  at  room  temperature  up  to 
420  GHz.'  Switches  have  been  demonstrated  with  peak-to- 
valley  switching  times  of  2  ps,^  and  6-10  ps.^  It  has  been 
argued  that  the  oscillator  frequency  and  the  switching 
speed  of  GaAs/AlAs  RTDs  are  limited  primarily  by  the 
RC  time  delay  in  the  negative-differential  conductance 
(NDC)  region  of  the  current-voltage  (/-F)  curve.'’*  In 
this  letter,  we  present  experimental  oscillations  from  InAs/ 
AlSb  RTDs  at  frequencies  up  to  712  GHz.  These  results 
are  consistent  with  a  theoretical  maximum  frequency  of 
oscillation  of  1.24  THz.  According  to  our  estimates, 
this/„,x  is  limited  more  by  the  resonant-tunneling  traversal 
and  depletion-layer  transit  times  than  by  the  fundamental 
RC  time  delay  of  the  device. 

The  InAs/AlSb  materials  system  has  several  advan¬ 
tages  over  GaAs/AlAs  for  making  high-speed  RTDs.^ 
First,  the  InAs/AlSb  band  off^  (staggered  type  II  at  the 
r  point)  allows  an  electron  to  tunnel  through  an  AlSb 
barrier  with  a  smaller  attenuation  coefficient  than  it  would 
have  at  the  same  energy  in  the  AlAs  barrier  of  a  GaAs/ 
AlAs  structure  (type-I  band  offset).  This  leads  to  a  higher 
available  current  density  A/  for  a  given  barrier  thickness, 
where  A/  =Jp  —  Jy,  and  Jp  and  Jy  are  the  peak  and  valley 
current  densities,  respectively.  A  higher  A/  usually  leads  to 
a  reduced  RC  time  delay  in  RTDs.  A  second  advantage  is 
that  electrons  will  drift  across  a  given  depletion  layer  much 
more  rapidly  in  InAs  than  in  GaAs  provided  that  this  layer 
is  narrow  enough  ( :S0.1  /rm)  or  the  voltage  drop  is  small 
enough  to  maintain  a  low  probability  of  impact  ionization.* 
A  .shorter  depletion-layer  transit  time  in  RTDs  generally 
raises  the  as  expected  intuitively.'  A  third  advantage 
is  that  InAs  RTDs  have  a  lower  total  series  resistance 
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which  always  increases  the  The  lower  Rs  follows 
from  the  higher  mobility  of  electrons  in  InAs  (for  any  fixed 
n-type  doping  concentration)  and  the  lower  specific  resis¬ 
tance  of  ohmic  contacts. 

One  InAs/AlSb  wafer  (referred  to  as  wafer  B  in  Ref 
5)  was  used  to  make  RTDs  for  the  present  work.  It  was 
grown  by  molecular  beam  epitaxy  on  semi-insulating 
( l(X))GaAs  substrates  at  S(X)  *C.  The  double-barrier  struc¬ 
ture  consists  of  two  l.S-nm-thick  undoped  AlSb  barriers 
separated  by  a  6.4-nm-thick  undoped  InAs  quantum  well. 
Diode  mesas  are  fabricated  by  first  defining  g(dd  pads  on 
top  of  the  wafer  by  a  photoresist  liftoff  technique.  Approx¬ 
imately  SOO  nm  of  the  epilayer  material  is  then  removed  by 
wet  chemical  etching  using  the  gold  pad  as  a  mask.  The 
exposed  surface  of  the  etched  wafer  is  a  I.O-^m-thick  InAs 
epilayer  doped  to  Np  =5xl0'*  cm~^  Further  details 
regarding  the  fabrication  are  given  in  Ref  5. 

In  preparation  for  high-frequency  experiments,  the 
fabricated  wafer  was  diced  into  l(X)x  100  fim  chips  and  the 
sidewalls  of  the  chips  were  plated  with  palladium  and  gold. 
This  procedure  creates  a  very  low  resistance  current  path 
between  the  diode  mesas  and  the  ground  plane,  which  is 
the  bottom  surface  of  the  chip.  Between  a  mesa  and  the  t(^ 
edge  of  the  chip,  the  current  flows  in  the  N0=5xlO'* 
cm  ~  ^  InAs  layer.  From  the  top  edge  to  the  bottom  edge, 
the  current  flows  in  the  sidewall  metalization.  The  dc  cur¬ 
rent-voltage  (/-F)  characteristic  of  a  1.8-/tm-diam  diode  is 
given  in  Fig.  1  with  negative  voltage  applied  to  the  top 
contact.  The  I-  V  curve  shows  a  peak-to-valley  current  ratio 
of  about  3.4  at  room  temperature,  and  a  peak  current  den¬ 
sity  of  2.8X  10^  A  cm~^  corresponding  to  A/ai2.0x  10^ 
A  cm  ~  The  discontinuous  nature  of  the  experimental  I-  V 
curve  in  the  NDC  region  is  caused  by  self-rectification  of 
the  oscillations.^ 

To  study  these  diodes  as  oscillators,  the  chips  were 
mounted  in  one  of  four  full-height  rectangular  waveguide 
resonators  operating  in  frequency  bands  around  100,  2(X), 
4(X),  and  650  GHz,  respectively.  The  design  of  the  first 
three  resonators  and  the  techniques  used  to  measure  power 
and  frequency  in  these  bands  are  the  same  as  used  in  pre¬ 
vious  experiments.'  The  highest  power  density  obtained  by 
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FIG.  1.  Room-temperature  /-('  curve  (solid  line)  of  a  l.8-/im-diam 
InAs/AISb  RTD  measured  while  the  diode  was  oscillating  near  360  GHz. 
The  step  structure  spanning  the  NDC  region  is  caused  by  rectification  of 
the  oscillations.  The  long-dashed  curve  connecting  the  peak  and  valley 
-  points  IS  a  physical  model  of  the  (stable)  /-f' curve  that  would  be  mea¬ 
sured  in  the  absence  of  oscillations.  The  short-dashed  line  is  the  G-  V curve 
(right-hand  scale)  derived  from  the  model  /•('curve. 


1.8-/iir-diatn  diodes  in  each  of  the  resonators  is  shown  in 
Fig.  2.  At  i60  GHz  an  absolute  power  of  3  /tW  was  ob¬ 
tained,  corresponding  to  a  power  density  of  90  W  cm  ~ 
This  is  50  times  the  power  density  obtained  previously 
from  GaAs/AIAs  RTDs  at  370  GHz,  and  is  indicative  of  a 
very  high  f^,  as  discussed  later. 

The  highest  frequency  oscillations  were  obtained  in  a 
0.030x0.015  cm  rectangular  waveguide  resonator  de¬ 
signed  to  operate  between  roughly  600  and  750  GHz.  The 
highest  power  obtained  in  this  resonator  was  0.3  /xW  from 
a  hS'/im-d  am  InAs/AlSb  RTD  oscillating  at  712  GHz. 
This  corresponds  to  a  power  density  of  15  W  cm  Our 
uncertainty  in  these  values  is  about  50%,  reflecting  the 
difRculty  in  calibrating  the  power  measurements  in  this 
frequency  lagion.  The  power  was  measured  by  coupling 
the  radiation  out  of  the  waveguide  with  a  pyramidal  feed- 
horn  and  focusing  it  onto  a  composite  bolometer.  The  os¬ 
cillation  frequency  was  measured  by  placing  a  scanning 
Fabry-Perot  spectrometer  in  the  path  between  the  wave¬ 
guide  oscillator  and  the  bolometer.  By  scanning  one  mirror 
of  the  spectrometer  over  a  distance  of  about  5  cm,  we  were 
able  to  determine  the  wavelength  to  an  accuracy  of  0. 1  %. 
Using  the  spectrometer,  we  looked  for  changes  in  the  os¬ 
cillation  frequency  with  variations  in  the  position  of  the 
waveguide  backshort.  We  found  that  the  backshort  tuned 
the  output  frequency  by  about  2  GHz.  This  tuning  would 
probably  not  be  observed  if  the  oscillation  was  a  second  or 
higher  harmonic  since  propagation  at  the  fundamental  fre¬ 
quency  would  not  occur  in  the  waveguide,  and  thus  the 
oscillation  frequency  would  not  depend  on  the  backshort 
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FIG.  2.  Experimental  oscillator  results  for  the  InAs/AISb  RTD  (solid 
line)  and  the  best  GaAs/AIAs  (dashed  line)  tested  to  date.  All  of  the 
oscillations  were  obtained  at  room  temperature. 


position.  However,  second  (or  higher)  harmonic  tuning 
effects  cannot  be  ruled  out,  and  better  techniques  are 
needed  for  this  determination. 

We  estimate  the/„„  of  the  present  diodes  by  applying 
a  small-signal  electrical  model  recently  developed  for  the 
RTD.'  The  basis  for  the  model  is  a  lumped-element  equiv¬ 
alent  circuit  consisting  of  the  parallel  combination  of  a 
conductance  G  and  a  capacitance  C,  in  series  with  The 
quantity  G  is  the  differential  conductance  across  the  active 
region  of  the  device,  C  accounts  for  the  accumulation  and 
depletion  space-charge  layers  on  the  cathode  and  anode 
sides,  respectively,  of  the  double-barrier  structure,  and 
is  the  sum  of  the  ohmic-contact  resistance  and  the  spread¬ 
ing  resistance  from  the  RTD  mesa  to  the  ground  plane  of 
the  chip.  At  high  frequencies  or  short  time  scales,  this 
circuit  must  be  generalized  to  account  for  several  time- 
delay  mechanisms.  The  resonant-tunneling  traversal  time 
is  included  by  replacing  G  with  a  resonant-tunneling  ad¬ 
mittance,  (7(  1  -F  /or I )  ~  ',  where  r,  is  the  quasibound-state 
lifetime.  This  is  equivalent  to  adding  an  inductance, 

=  t,/G,  into  the  basic  circuit.  The  effect  of  the  depletion- 
layer  transit  time  is  included  through  an  ac  analysis  in 
which  the  electron  is  assumed  to  cross  the  depletion  layer 
with  a  uniform  drift  velocity  vjy,  but  the  double-barrier 
structure  remains  as  a  lumped-element  (injection  admit¬ 
tance)  proportional  to  G(1  -f-  /or,)  “  '.  The  classical  skin 
effect  confines  the  ac  current  to  a  surface  layer  having  a 
thickness  roughly  equal  to  the  skin  depth,  and  thus  it 
causes  Rs^o  increase  slowly  with  frequency.  All  parame¬ 
ters- in  the  model  other  than  G  depend  weakly  on  bias 
voltage  and  thus  are  assumed  to  be  constant  throughout 
the  NDC  region. 

We  estimate  G  from  a  theoretical  model  of  the  (stable) 
/-F  curve  in  the  NDC  region.  The  theoretical  NDC  region 
shown  in  Fig.  1,  is  the  sum  of  a  resonant-tunneling  and  an 
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excess-current  component.  The  resonant-tunneling  compo¬ 
nent  is  based  on  the  stationary-state  tunneling  integral  with 
a  Breit-Wigner  form  for  the  transmission  probability.^  The 
excess-current  component  is  a  second-order  polynomial  in 
y.  It  is  not  possible  to  estimate  G  from  the  experimental 
I-  V  curve  since  this  curve  is  highly  distorted  by  the  oscil¬ 
lation.  We  determine  T|  from  separate  numerical  calcula¬ 
tions  of  the  full  width  at  half  maximum,  T |,  of  the  trans¬ 
mission  probability  J^T,  using  a  two-band  model  for  the 
tunneling  dispersion  relation  in  the  barriers.  The  result  is 
T,  =  ,  =  90  fs.  The  capacitance  is  approximated  by 

C  =  eaiLo  +  Lw  +  Lyt)  “  '  =  2.8  fF,  where  a  is  the  RTD 
area  (2.5xlO“*  cm^),  L^r  is  the  width  of  the  double¬ 
barrier  structure  (9.4  nm),  is  the  width  of  the  depletion 
layer  ( ~7S  nm),  and  is  the  width  of  the  accumulation 
layer  ( ~20  nm).  The  values  of  Lo  and  are  taken  from 
the  solution  to  Poisson’s  equation  with  the  peak  voltage 
applied  across  the  device.  The  drift  velocity  across  the  de¬ 
pletion  layer,  Vi,=  8xl0’  cms~',  is  obtained  from  the 
results  of  Monte  Carlo  simulations  of  electron  transport  in 
InAs  under  conditions  similar  to  those  in  the  depletion 
layer  at  the  peak  voltage.^  The  ohmic  contact  resistance  is 
assumed  to  be  2  11  in  accordance  with  a  specific  contact 
resistance  of  =  5x  10“  *  n  cm^.  This pc  was  estimated 
from  transmission-line-model  (TLM)  measurements  made 
-  on  separate  InAs  ohmic  contacts.’  The  frequency-depen¬ 
dent  spreading  resistance  is  approximated  as  1.0  Q  at  dc 
and  l.S  n  at  600  GHz,  based  on  a  resistivity  of  0.0003 
n  cm  in  the  InAs  epilayer  doped  to  =  5x  10‘*  cm  “ 

The  small-signal  model  yields  a  quantity,  called  the 
resistive  cutoff  frequency  fn,  at  which  the  real  part  of  the 
terminal  impedance  equals  zero.  This  is  a  frequency  above 
which  oscillation  cannot  occur.  We  plot  fn  in  Fig.  3  as  a 
function  of  G  with  the  other  parameters  held  constant. 
This  curve  displays  a  peak  value  of  1.24  THz  at  G  =  —  20 
mS.  This  is  a  realizable  G  since  it  is  less  in  magnitude  than 
the  minimum  G  (  —  64  mS)  in  the  theoretical  NDC  region 
in  Fig.  1.  Thus,  1.24  THz  is  the  of  this  RTD. 

The  presence  of  the  peak  in  the  fn  vs  G  curve  is  a 
consequence  of  the  series  resistance  in  the  model.  To  un¬ 
derstand  this,  note  that  the  basic  G-C-Rs  circuit  yields 
fg  =  (2irC)  “ '  (  —  G/Rs  —  G^)*''^.  This  expression  dis¬ 
plays  a  peak  value  of  (AwCRg)  ~  '  at  G={2Rs)  “  '•  The 
addition  of  the  lifetime  and  transit  time  delays  leads  to  a 
reduction  in  the/j,^  (and  a  reduction  in  the  G  at  which  the 
/mu  occurs),  but  it  does  not  change  the  peaked  nature  of 
the  fn  vs  G  curve.  The  basic  circuit  can  also  be  described  by 
an  RC  time  constant,  Tgc  =  C(  —  G/Rg  —  G^)  “  Over 
the  range  of  the  G-F  curve  in  Fig.  1  (and  assuming  /I5  =  3 
SI  and  C  =  2.8  fF)  this  expression  yields  a  minimum  value 
of  Tgc  =  21  fs  at  G  =  —  64  mS.  This  is  much  less  than  t, 
(90  fs)  or  the  depletion-layer  transit  time  {Lg/vo  =  94  fs). 
Therefore,  we  believe  that  the  speed  of  this  RTD  is  not 
limited  by  the  fundamental  RC  time  delay,  and  that 
changes  in  the  materials  parameters  (such  as  thinner  AlSb 
barriers  to  decrease  T)  or  optimization  of  the  InAs  deple¬ 
tion  layer  to  reduce  the  effect  of  transit  time)  could  further 
increase  the  The  difference  between  the  present  Tgc 
and  that  of  the  best  GaAs/AlAs  RTDs  {Tgc  >100  fs)  is 
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RG.  3.  Theoretical  resistive  cutoff  frequency  vs  differential  conductance 
for  a  l.8-/iin  diam  InAs/AISb  RTD  obtained  from  the  small-signal  im¬ 
pedance  model  of  the  device. 

attributed  in  part  to  the  four  times  larger  AJ  of  the  IhAs/ 
AlSb  RTD,  and  in  part  to  the  lower  series  resistance  (at 
least  three  times  lower  specific  contact  and  spreading  re¬ 
sistances).  The  larger  A/  is  responsible  for  the  fact  that  the 
minimum  G  in  Fig.  1  is  about  ten  times  larger  in  magnitude 
than  the  minimum  G  of  a  GaAs/AlAs  RTD  having  the 
same  area. 

In  summary,  an  InAs/AISb  RTD  has  oscillated  up  to 
712  GHz  at  room  temperature,  and  has  generated  a  50 
times^.higher  power  density  at  360  GHz  than  GaAs/AlAs 
RTDs  operating  near  the  same  frequency.  We  emphasize 
that  these  results  were  obtained  with  RTDs  containing  a 
7%  lattice  mismatch  between  the  active  epitaxial  layers 
and  the  semi-insulating  GaAs  substrate.'  This  suggests 
that  InAs/ AlSb  RTDs  could  find  application  in  a  number 
of  monolithic  integrated  circuits,  such  as  planar  oscillator 
arrays  and  signal-processing  circuits,  for  which  semi-insu- 
lating  GaAs  is  the  most  desirable  IIl-V  substrate  material. 
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ABSTRACT 

New  double-barrier  resonant-tunneling  diodes  have  been  fabricated  in  the  pseudonxxphic 
Ino33Gao,47As/AlAs  material  system  that  have  psak  current  densities  exceeding  IxlO^  A  cmT^ 
and  peak-to-valley  current  ratios  of  approximately  10  at  room  temperature.  One  of  these 
diodes  yielded  oscillations  up  to  125  GHz,  but  did  not  oscillate  at  higher  frequencies  because 
of  a  large  device  capacitance.  A  device  with  a  much  lower  capacitance  is  estimated  to  have  a 
maximum  oscillation  frequency  of  932  GHz  and  a  voltage  rise  time  of  l.S  ps  in  switching 
from  the  peak  bias  point  to  the  valley  bias  point  Other  reported  Ino^3Gao.47As/AlAs  diodes 
are  analyzed  and  yield  theoretical  maximum  oscillation  frequencies  over  1 1%  and  rise  times 
as  low  as  0.3  ps. 


1.  INTRODUCTION 

Resonant  tunneling  continues  to  draw  the  intoest  of  physicists  and  device  engineers  alike 
because  it  is  erne  of  the  few  solid-state  tranqxxrt  processes  that  can  provide  a  fast  negative 
differential  resistance  (NDR).  The  most  studied  resonant-tunneling  device  to  date  is  the 
double-barrier  diode  (DBD),  which  consists  essentially  of  two  layers  of  a  semictmductor 
material  embedded  in  another  semiconductor  of  smaller  bandgap.  The  wider-bandgap  layers 
act  as  barriers  to  electrons  and  are  separated  by  a  distance  sufficiently  small  to  allow  qtttial 
quantization  to  occur  in  the  quantum-well  region  between  them.  Electrons  can  iranrit  die 
double-barrier  structure  with  high  probability  if  they  have  a  longitudinal  energy  equal  to  the 
energy  of  one  of  the  quasibound  states.  If  the  quantization  is  strong  0.e.,  >  1, 

where  t,  is  the  scattering  time),  then  the  current-voltage  (1-V)  characteristic  will  di^lay  an 
NDR  region,  as  first  observed  by  Chang,  Esaki,  and  Tsu  [1].  The  requirement  of  qiatial 
quantization  imposes  limits  on  the  overall  size  of  the  double-barrier  structure,  ft  is  found 
empirically  that  the  thickness  of  the  GaAs  quantum  well  and  AlAs  barriers  of  a  GaAs/AlAs 
structure  must  be  less  than  about  6  nm  and  3  nm,  respectively,  in  order  to  observe  NDR  at 
room  temperature.  In  addition,  the  heterojunctimis  framing  each  face  of  the  barrier  must  be 
smooth  on  an  atonuc  scale  so  that  transverse  crystal  momentum  is  conserved  sriiQe  electnms 
tunnel  through.  Fortunately,  barriers  as  thin  as  three  or  four  monolayers  and  as  smooth  as  one 
monolayer  G-c.,  the  thickness  fluctuates  by  oidy  one  monolayer)  can  be  obtained  by  modem 
crystal  growth  techniques,  such  as  molecular-beam  epitaxy. 

The  NDR  region  of  the  DBD  has  been  used  for  high-firequ^y  osdllations  arid  high¬ 
speed  switching.  For  example,  DBDs  made  in  the  GaAs/AlAs  system  have  demonstrated 
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room-temperature  oscillations  up  to  420  GHz  [2]  and  a  switching  time  ftxmi  the  peak  to  the 
valley  points  of  2  ps  [3].  These  results  are  impressive,  but  they  fall  shoit  of  practical  perfor¬ 
mance  requirements  in  some  important  respects.  For  the  oscillator,  the  power  and  power  den¬ 
sity  (output  power  per  unit  diode  area)  obtained  around  400  GHz  were  (^y  about  0.2  pW  and 
2  W  cm~^  respectively.  Most  applications  in  this  frequency  range,  sudi  as  local  osdllators 
for  superconducting  tunnel-juncdon  mixers,  require  power  levels  of  at  least  1  pW  [4].  For  the 
switch,  the  2-ps  result  was  obtained  in  an  electro-optic  sampling  experiment  using  significant 
overdrive  (i.e.,  driving  a  switch  beyond  threshold  in  a  time  of  the  order  of  the  switching 
time).  Qrcuits  employing  less  over^ve  have  yielded  switching  times  of  6  ps  or  longer  [5]. 
Overdrive  requirements  decrease  the  allowable  device  variability  in  a  circuit,  so  higher  speed 
with  reduced  overdrive  is  highly  desirable  for  circuit  applications. 

In  this  study,  we  show  that  the  oscillator  and  switch  performance  are  significantly 
improved  in  DBDs  made  from  the  InQj3Gao.47As/AlAs  mat^al  systeno.  This  is  largely 
because  InGaAs/AlAs  diodes  provide  a  very  high  peak-to-valley  current  ratio  (PVCR)  com¬ 
pared  to  GaAs/AlAs  diodes  with  the  same  peak  current  density  Jp.  As  a  result  the  InGaAs 
diodes  have  a  significantly  higher  available  current  density  AJ,  which  is  defin^  as  the 
difference  between  the  peak  and  valley  current  densities,  Jp  -  Jy,  and  is  an  important  parame¬ 
ter  for  all  high-speed  applications. 

2.  DEVELOPMENT  OF  InGaAs/InAIAs  DOUBLE-BARRIER  DIODES 

The  first  demonstration  of  DBDs  in  the  Ino^3Gao47As/InAlAs  material  system  was  car¬ 
ried  out  at  Fujitsu  [6,7].  The  Inoj3Gao.47As  alloy  was  chosen  fot  the  quantum  well  and  clad¬ 
ding  layers  b^use  it  is  lattice  matched  to  InP,  which  is  available  in  high-quality  substrates. 
Two  diHerent  barrier  compositions  were  used:  (1)  Inoji2Ala48As,  which  is  lattice  matdied  to 
Inoj3Gao.47As,  and  (2)  AlAs,  which  has  a  3.S%  smaller  lattice  constant  than  Ino^Gao47As. 
The  Ino.52Alo.4sAs-  and  AlAs-barrier  diodes  yielded  PVQ(s  of  2.3  and  14,  respectively,  at 
room  temperature.  Subsequent  progress  has  l^n  made  with  both  barrier  compositions  [8,9], 
but  the  Ino.53Gao.47As/AlAs  dieses  mtuntain  a  big  advantage.  The  highest  PVCR  and  AJ 
reported  for  these  diodes  to  date  is  30  [9]  and  3.2x10^  A  cm~^  [10],  reflectively,  at  room 
temperature.  The  reason  for  this  advantage  is  presumably  that  an  AlAs  barrier  causes  little  or 
no  ^oy-related  scattering  compared  to  a  ternary  InAlAs  barrier.  This  assumes  that  the  thick¬ 
ness  of  the  barrier  is  small  enough  (<  3  nm)  so  that  the  AlAs  material  is  pseudoirmphic  to 
Inoj3Gao.47As.  and  thus  has  a  negligible  concentration  of  misfit  dislocations. 

The  Ino.53Gao.47As/AlAs  DBDs  provide  a  significantly  higher  PVCR  than  the  best 
GaAs/AlGaAs  diodes.  Extensive  development  of  GaAs/AlGaAs  DBDs  has  resulted  in  noax- 
imum  room-temperature  PVCRs  of  only  4  in  diodes  having  low  Jp,  and  about  2  or  less  in 
diodes  having  a  Jp  over  1x10^  A  cmf^.  Initially,  the  superiority  of  the  hassGao^As/AlAs 
diodes  was  attributed  to  the  large  energy  separation,  -  0.6S  eV,  between  die  F  conduction- 
band  minimum  in  the  Ino.53Gao.47As  and  the  X  conduction-band  minimum  in  the  AlAs-harrier 
[7].  This  quantity  is  estimated  to  be  0.13  eV  in  the  GaAs/AlAs,  and  has  been  co^iated  to 
the  excess  valley  current  in  those  diodes  [11].  More  recently,  it  has  been  realized  that  the 
lower  effective  mass  (m*  =  0.042  mg)  of  the  Ino33Gao.47As  conqiared  to  GaAs 
(m*  =  0.067  mg)  also  contributes  to  the  ^fference  since  a  lower  effective  nutss  is  consistent 
with  a  weaker  interaction  between  electrons  and  longitudinal  optical  phonons,  and  between 
electrons  and  acoustical  phonons.  These  scattering  mechanisms  can  induce  rignificant  excess 


current  at  the  valley  voltage  and  beyond  when  they  occur  in  the  accumulation  region  adjacent 
to  the  double-barrier  structure  [12],  We  also  believe  that  polar-mode  acoustical-phonon 
piezoelectric)  scattering  plays  an  important  role,  but  to  our  knowledge  this  mechanism  has  not 
been  analyzed  for  DBDs.  Otha*  advantages  of  the  Ino^3Gao47As  over  the  GaAs  include  a 
much  lower  Schottky-bairier  height  (=  0.2  eV  for  conunon  metals  compared  to  s  0.8  eV  for 
GaAs).  and  a  greater  solid-state  solubility  for  n-type  dopants.  Both  of  these  factors  lead  to -a 
much  lower  series  resistance  for  the  InGaAs  diodes,  which  is  very  important  in  high-speed 
devices. 


3.  NEW  Inoj3Gao.47As/AlAs  DOUBLE-BARRIER  DIODES 

Three  different  Inoj3Gao.47As/ALAs  DBD  structures,  hencefortii  called  devices  1,  2.  and 
3,  were  fabricated  for  the  present  study.  Pseudomorphic  AlAs  barriers  were  chosen  over 
lattice-matched  Ino32Alo.4gAs  ones  because  of  their  superior  performance  discussed  above. 
All  of  the  structures  were  grown  by  molecular-beam  epitaxy  on  n'''-InP  substrates  at  a  tem¬ 
perature  of  470®C.  After  completing  the  epitaxial  growth,  round  Ni/Ge/Au  contacts  ranging  in 
diameter  from  1  to  8  pm  were  patterned  on  the  top  surface  of  the  wafer  by  photoresist  liftoff 
techniques.  Mesa  diodes  were  then  defined  by  either  wet-chemical  etching  or  reactive  ion 
etching  using  CH4;H2.  In  both  cases  the  top  metallization  was  used  as  an  etch  mask.  The 
final  fabrication  step  was  to  dice  the  wafer  into  roughly  0.02  cm  square  chips  suitable  for 
packaging  into  high-frequency  oscillator  circuits. 

Device  1  is  composed  of  6-monolayer-thick  (~  1.7  nm)  AlAs  barriers  separated  by  a  16- 
monolayer-thick  (~  4.7  nm)  quantum  well.  The  1-V  curve  for  dus  device  has  a  PVCR  of 
about  28  at  room  temperature,  as  shown  in  Fig.  1,  and  70  at  77  K.  This  room-temperature 
PVCR  is  about  a  factor  of  eight  higher  than  achieved  with  the  best  GaAs/AlAs  or 
GaAs/AlGaAs  structures  and  is  two  times  higher  than  the  best  p-n  junction  tuimel  (Esaki) 
diodes  made  from  GaSb  or  GaAs  [13].  The  current  density  at  the  peak  is  limited  to 
ixlO^  A  cm*^  because  of  the  relatively  thick  (SO  nm),  unintentionally  doped 
(Np  =  2x10**  cm~^)  Ino33Gao.47As  buffer  layers  outside  of  each  barrier.  These  layers  arc 
added  to  minimize  the  impurity  concentration  in  the  double-barrier  structure.  Nearly  identical 
values  of  PVCR  have  been  obtained  at  a  higher  peak  current  density,  Jp  s  4x10*  A  cm~^,  in  a 
different  Ino^3Gao,47As/AlAs  structure  described  in  Ref.  [9]. 

To  obtain  a  higher  current  density,  device  2  is  designed  to  have  the  same  qufuitum-well 
thickness  (4.6  nm)  as  device  1,  but  to  have  thinner  AlAs  barriers  (1.4  nm),  a  thiimer  (10  nm) 
buffer  layer  on  one  side  (the  intended  cathode)  of  the  double-barrier  structure  to  increase  the 
quasi-Fermi  energy,  and  a  thicker  (7S  nm)  buffer  layer  on  the  opposite  side  to  reduce  the  dev¬ 
ice  capacitance.  >^th  negative  bias  applied  to  the  thin-buffer-layer  side,  2-|un-diameter 
diodes  broke  down  at  voltages  less  than  required  to  observe  a  NDR  region.  With  the  opporite 
bias  polarity,  a  stable  NDR  region  was  observed  and  is  shown  in  the  current  density  vs  vin¬ 
tage  curve  in  Fig.  2.  The  measured  Jp  is  1.7x10^  A  cm~^  and  the  PVCR  is  about  12  at  room 
temperature.  A  comparison  is  made  in  Fig.  2  with  a  GaAs/ALAs  diode  [2]  having  nearly  the 
same  Jp.  The  difference  in  PVCRs  is  almost  identical  to  what  was  observed  above  at  much 
lower  Jp,  and  leads  to  the  following  useful  rule  of  thumb.  That  is,  Inoj3Gao,47As/A]As  and 
GaAs/AlAs  having  the  same  Jp  differ  in  PVCR  by  about  a  factor  of  8. 

Device  3  differs  from  device  2  only  by  the  presence  of  a  wider  (5.5  nm)  quantum  well 
The  wider  well  reduces  the  voltage  required  for  p^  current  and  allows  the  NDR  region  to  be 
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Hg.  1.  (a)  Current-voltage  characteristic  of  device  1  at  nxmi  lein|)erature. 

(b)  Compositional  and  doping  profiles  of  device  1. 

observed  with  the  desired  bias  polarity.  The  curve  of  room-tempeiataie  current  density  vs 
voltage  is  shown  for  both  polarities  in  Hg.  3.  Fcx^  poritive  bias  applied  lo  die  dun-buffer- 
layer  side  (positive  voltage  in  Hg.  3),  the  Jp  and  VWCR.  are  siinilar  to  what  was  measured  in 
device  2.  For  negative  bias  a  larger  Jp  of  about  2.5x10^  A  cm"^,  and  a  PVCR  about  8.S 
were  measured  at  room  temperature.  The  asymmetry  in  the  current-density  vs  voltage  curve 
is  an  expected  consequence  of  the  asymmetric  doping  profile  in  die  buffer  layers.  The  NDR 
region  at  negative  bias  voltage  is  very  promiring  for  high-speed  aj^lkations,  as  sriU  be  dis¬ 
cussed  below. 

The  I-V  curves  in  Figs.  1,  2,  and  3  are  discontinuous  because  the  current  switches  into 
the  middle  of  the  NDR  region  when  the  voltage  is  increased  just  above  the  peak  pmnt  or  just 
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Fig.  2.  Room-temperature  current-voltage  characteristics  of  device  2  and 
of  a  high-current  density  GaAs/AlAs  diode. 


below  the  valley  point  At  the  bias  voltages  in  the  NDR  region,  low-frequency  oscOlations 
occur  in  the  circuit  used  to  measure  the  I-V  curve.  These  oscillations  are  rectified  by  die 
diode,  resulting  in  the  characteristic  current  piateau(s)  of  the  NDR  region.  The  I-V  curves 
would  be  much  steeper  in  the  NDR  region  if  the  device  was  electrically  stable  sudi  that  no 
switches  or  oscillations  occurred.  The  circuits  used  to  test  the  DBDs  at  high  firequendes  are 
designed  to  support  only  the  desired  oscillation,  and  suppress  low  frequency  oscillations  in  die 
bias  circuit 


4.  EXPERIMENTAL  OSCILLATOR  RESULTS 

The  oscillation  power  and  firequency  of  device  2  were  measured  at  room  temperature  in  a 
series  of  microwave  and  millimeter-wave  resonators  (^)crating  between  1  and  200  GHz.  The 
results  for  a  2-pm-diameter  diode,  plotted  in  Fig.  4,  include  a  maximum  oscillatkm  power  of 
280  pW  at  1.1  GHz,  This  corresponds  to  a  dc-to-if  efficiency  of  11%  and  a  power  detuity  cf 
0.9x10*  W  cm~^.  Similar  results  were  obtained  up  to  fitequencies  of  about  20  GHz.  We  also 
tested  a  4-pm-diameter  diode  at  low  fiequ^ies  and  measured  an  absdute  power  of  about  0.9 
mW  (7.2xl0^  W  cm~^  near  1  GHz.  A  comparison  with  the  oscillation  results  the  fastest 
GaAs/AlAs  DBD  is  also  made  in  Rg.  4,  where  we  see  a  factm*  of  8  difference  in  the  power 
density  at  the  low-frequency  end.  This  differuice  is  due  in  large  part  to  die  difference  in  AJ, 
which  is  1.6x10^  A  cmT^  for  device  2  and  4.3x10*  A  cm"^  fix’  the  OaAs/AlAs  device. 


Fig.  3.  Current-voltage  characteristic  of  device  3  at  room  temperature. 

At  fipequencies  above  20  GHz,  the  power  of  the  InGaAs  diode  decreased  rapidly  such 
that  the  measured  power  at  125  GHz  was  5  pW.  This  roll-off  behavior  is  quite  diffeieut  from 
that  displayed  by  the  GaAs/AlAs  diode,  which  shows  no  obvious  break  point  between  slow 
and  rapid  power  decrease.  We  attribute  the  roU-off  behavim’  of  the  InGaAs  diode  to  a  high 
specific  capacitance,  which  is  calculated  to  be  about  3.8  fF  pm~^.  The  capadtance  is  hi^ 
tMK^ause  the  nanow-buffer-layer  side  depletes  over  a  distance  of  only  20  nm  or  so  with  pori- 
tive  voltage  applied  to  this  side,  which  is  about  three  times  less  than  the  depletion  length  in 
the  GaAs/AlAs  diode. 

5.  THEORETICAL  OSCILLATION  CHARACTERISTICS 

It  is  informative  to  calculate  the  theoretical  oscillator  perfcnmance  rinoe  die  most  prtxnis- 
ing  Ino^3Gao47As/AlAs  DBDs  (e.g.,  device  3)  have  yet  to  be  tested  as  osdllators.  The 
important  figures  of  merit  fw  DBD  oscillators  are  the  maximum  oscillafion  frequency  fi^^x 
and  the  maximum  power  density  Pmax*  ^Max  ^  (r  ^  THz)  to 

be  useful,  because  DBD  oscillators  will  probably  be  implemented  only  at  frequencies  where 
other  solid-state  devices  cannot  oscillate  (f  ^  200  GHz).  At  lower  fimjuencies  sin^  DBDs 
cannot  presently  generate  power  levels  that  are  competitive  with  those  from  standard  solid- 
state  oscillators  because  the  DBDs  cannot  be  operated  with  comparable  device  area.  This  lim¬ 
itation  stems  from  the  fact  that  the  negative  differendal  conductance  of  DBDs  is  practically 
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Hg.  4.  Experimental  oscillation  results  for  device  2  in  comparison  with 
results  for  the  fastest  GaAs/AlAs  device  tested  to  date. 

constant  from  dc  up  to  the  operating  frequency.  Thus,  large-area  DBDs  present  a  very  large 
magnitude  of  negative  conductance  at  low  frequencies,  which  makes  it  difficult  to  achieve 
dc-bias  stability.  This  is  the  same  problem  that  arose  with  Esaki  tunnel  diodes  [14]. 

We  have  found  that  fj^y^  of  DBDs  is  adequately  predicted  1^  a  lumped-element  RCL 
equivalent-circuit  model  [IS].  The  equivalent  circuit  includes  the  intrinsic  differential  conduc¬ 
tance  G,  the  diode  capacitance  C,  the  series  resistance  Rs,  and  the  "quantum-well  inductance" 
Lq>v,  which  is  given  approximately  by  L^vv  =  where  tf  is  the  first  quasibound-state  life¬ 
time.  The  intrinsic  G  would  be  the  slo^  of  the  I-V  curve  for  a  device  that  was  perfectly 
stable  G.e.,  no  switching  or  oscillations)  and  had  no  series  resistance.  The  condititm  that  the 
real  part  of  the  terminal  impedance  of  this  circuit  vanish  detennines  a  frequency  f|tcL  is 
the  upper  limit  for  oscillation  as  a  function  of  the  circuit  elements.  Over  the  range  the 
NDR  region,  the  element  that  varies  the  most  is  O.  The  expression  for  f|iQ^  given  in  Table  I, 
displays  a  maximum  with  respect  to  G  at  a  value  G|^(ax  tiiat  is  usually  close  to  (2Rs)~*.  This 
value,  fMAX*  ts  given  in  Table  I  for  the  present  InOaAs  diodes  and  for  other  hig|i-cunent- 
density  InGaAs/AlAs  and  GaAs/AlAs  diodes  reported  in  the  literature.  To  make  die  com¬ 
parison  tractable,  we  make  two  simplifying  assumptions.  Rrst,  eadi  of  the  circuit  elements  in 
the  model  scales  linearly  (or  inversely)  with  area.  This  is  a  very  good  assumption  for  aH  of 
the  elements  except  the  series  resistance,  which  usually  has  a  con^nent  that  depends 


TABLE  I  •  Comparison  of  DBD  oscillator  characteristics 


Jp  (A  cm"^) 

Gmax  \im 

rh  C(fFpm-*) 

ti  (ps) 

^MAX  (GHz) 

Reference 

InojjGao^jAs/AlAs  Diodes 

1.7x10* 

-15 

3.8 

0.4 

418 

device  2 

2.5x10* 

-11 

13 

0.2 

932 

device  3 

4.5x10* 

-15 

13 

0.1 

1280 

112) 

5.0x10* 

-15 

13 

0.1 

1280 

[12] 

GaAs/AlAs  Diodes 

1.5x10* 

-6 

13 

0.1 

555 

[2] 

1.3x10* 

-5 

1.3 

0.3 

468 
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sublinearly  on  area  because  of  current-spreading  eflects  [16].  As  a  result  trf'  Ads  assumption, 
each  of  the  element  valpi'.s  listed  in  Table  I  and  hereafter  are  area  specific.  The  second  sim¬ 
plifying  assumption  L  Uiat  all  of  the  InGaAs  diodes  have  the  same  total  qiedfic  series  retis- 
tance  of  Rs  =  2xl0~^  12  cm^  and  that  the  GaAs  diodes  have  a  common  value 
Rj  =  6xl(r^  in  cm^.  These  are  considered  to  be  approximate  values  for  die  room-temperature 
Rj  that  can  be  obtained  in  these  materials  unth  present  technology.  This  resistance  includes 
ohmic-contact  and  undepleted-epilayer  contributions. 

We  estimate  an  f^AX  device  3.  This  assumes  that  a  native  trias  vol¬ 

tage  is  applied  to  the  ^in-buffer-layer  side  (negative  voltage  in  Rg.  3).  Ihider  this  condition, 
C  and  ti  are  found  to  be  1.3  fF  pm~^  and  0.2  ps  from  separate  numerical  solutions  to 
Poisson's  and  SchrOdinger's  equations,  respectively.  The  resulting  f^AX  ^  ‘70%  higher 

than  the  value  for  the  fastest  GaAsfAlAs  oscillator  diode  fabricate  to  date  and  is  limited 
largely  by  t}.  The  InGaAs/AlAs  diodes  listed  below  device  3  in  Table  I  have  about  a  factor 
of  two  smaller  t|  because  of  the  thinner  barriers,  and  thus  yield  a  higher  f||Ax  of  1*28  THz.  ^ 

The  maximum  power  density  of  DBDs  measured  at  the  fundamental  oscillation  fire- 
quency  is  usually  very  close  to  the  thecxetical  value  predicted  for  Esaki  diodes  [17], 
Pmax  =  (3/16)AJ  AV,  where  AV  is  the  difference  between  the  valley  vctoge  Vy  and  the  peak 


TABLE  II  -  Comparison  of  DBD  oscillator  power 


Jp  (A  cm-*)  Jp/Jv  Jp  -  Jv  (A  cm-*)  Vy  -  Vp  (V)  P^ax  (W  cm-*) 

~~  Inoj3GaoA7As/AlAs  Diodes 


1.7x10* 

2.5x10* 

4.5x10* 

5.0x10* 

12 

8.5 

3.6 

3.0 

1.6xllr^ 

2.2x10* 

3.2x10* 

3.3x10* 

0.43 

0.60 

0.15 

0.25 

1.3x10* 

2.5x10* 

9.0x10* 

1.6x10* 

GaAs/AlAs  Diodes 

1.5x10* 

1.4 

4.3x10* 

0.30 

2.4x10* 

1.3x10* 

2.5 

7.8x10* 

0.4 

5.8x10* 

P 

II 

1 

-Jv)(Vv*-Vp). 

voltage  Vp.  For  example,  this  expression  yields  1.25x10*  W  cm'*  ftv  device  2.  consistent 
with  the  low-frequency  experimental  results.  Maximum  power  densities  are  given  in  Table  n 
for  each  of  the  InGa;'.s//jAs  and  GaAs/AlAs  diodes  listed  in  Table  L  According  to  these 
estimates,  device  3  should  generate  a  power  densi^  of  2.5x10*  W  cm-*.  coneq;xmding  to  an 
absolute  power  of  0.9  mW  from  a  2-^m-diameter  diode.  This  exceeds  the  power  denaty 
estimated  for  the  best  GaAs/AlAs  diode  reported  to  date  [18]  by  over  a  factor  o{  four.  This 
improvement  reflects  the  high  AJ  and  relatively  large  AV  that  device  3  jnovides.  The  next 
highest  power  density,  1.6x10*  W  cm'*,  is  predicted  for  an  InojjGaoATAs/AlAs  device  having 
a  record  high  Jp  of  5x10^  A  cm-*  [10].  This  remarkable  device  has  very  thin  (1.1  nm)  AlAs 
barriers  and  a  thin  InAs  layer  in  the  middle  of  the  Ino^3Gao,47As  quantum  well  to  help  reduce 
the  peak  voltage. 

Our  expression  for  f^^x  should  be  considered  as  an  upper  limit  on  the  actual  maximum 
oscillation  frequency  for  the  following  reasons.  Hrst,  the  lumped-element  RCL  model 
neglects  the  transit-time  delay  across  the  depletion  layer.  This  effect  is  very  difficult  to  model 
properly  because  of  the  velocity  overshoot  effect,  but  a  constant  drift-velocity  approximation 
leads  to  a  reduction  in  f^^x  finite  veloci^  and  depletion  length  [2].  Second,  the 

Gmax  compute  f^AX  ^  realizable  in  DBDs  with  low  PVCR.  This  is  a 

difficult  issue  to  address  in  high-speed  DBDs  because  the  I-V  curves  these  devices  are  usu¬ 
ally  distorted  by  oscillations.  This  makes  it  impossible  to  determine  the  intrinsic  G  of  the 
DBD  from  the  measured  I-V  curve. 
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TABLE  in  •  G>mparison  of  DBD  switching  characteristics 


Jp  (A  cm'*) 

Jp  “  Jy  (A  cm 

^  Vv-V,(V) 

S  (10'*  V  s"') 

tR(PS) 

^st^ssasassasai 

Reference 

Ino^3Gao,47As/AlAs  Diodes 

2.5x10* 

2.2x10* 

0.60 

1.7 

U 

device3 

4.5x10* 

3.2x10* 

0.15 

2.2 

0.3 

[10] 

5.0x10* 

3.3x10* 

0.25 

2.2 

OA 

[10] 

GaAs/AlAs  Diodes 

4.0x10^ 

3.0x10^ 

0.40 

0.20 

8.8 

[3] 

1.5x10* 

4.3x10* 

0.30 

0.29 

4.5 

m 

1.3x10* 

7.8x10* 

0.40 

0.60 

2.9 

[18] 

S  =  (Jp  -  Jv)/C  Ir  =  4.4(Vv  -  VpVS 


6.  THEORETICAL  SWITCHING  PERFORMANCE 

Although  Inoj3Gao,47As/AlAs  diodes  have  been  tested  only  as  oscillatois,  it  is  important 
to  estimate  their  switching  speed  since  there  is  great  interest  in  using  them  in  various  pulse, 
trigger,  and  logic  circuits.  A  useful  figure  of  merit  for  switches  is  the  speed  index  [13], 
S  s  (Jp-JyVC.  This  quantity  enters  into  an  estimate  of  the  time  required  for  the  diode  to 
switch  from  a  voltage  bias  point  below  the  peak  to  a  point  above  die  vall^  point,  or  vice 
versa.  This  is  a  more  difficult  quantity  to  calculate  than  fjyiAx  necessarily  dqiends  on 

the  large-signal  characteristics  of  the  double-barrier  diode.  To  estimate  the  switching  time,  we 
model  the  I-V  curve  in  the  NDR  region  by  the  following  parabolic  form, 

AI  „  >2 


(1) 


This  expression  increases  in  slope  monotonically  as  the  voltage  is  decreased  firom  die  vall^ 
point  to  the  peak  point  This  is  a  good  approximation  to  the  stable  I-V  curve  at  all  voltages 
except  those  just  above  the  peak.  We  assume  that  the  diode  is  Nased  at  the  peak  point 
through  a  load  resistance  R|,  that  is  consistent  with  dc  Instability  0.e.,  two  possiUe  dc.  bias 
points  exist,  one  above  and  one  below  the  NDR  region).  This  resistance  mi^  satisfy 
R|^  >  AV/AL  A  slight  increase  in  the  bias  voltage  will  thmi  eliminate  the  stable  operating 
point  at  the  peak,  and  cause  a  switch  to  the  stable  point  at  the  valley  pmnt  or  beyo^  We 
assume  that  the  diode  capacitance  is  a  constant  equal  to  the  value  at  the  peak  voltage,  and  we 
ignore  the  quantum-well  inductance  and  series  resistance  for  the  momenL  a  load 
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resistance  equal  to  AV/AI,  the  time  required  for  the  diode  voltage  to  increase  from  a  value 
10%  above  the  peak  voltage  to  a  value  10%  below  the  valley  voltage  is  given  by, 

Vv-0.IAV 

CdV 


*R~ 


/rJ^lAV  -- 


AI/AV(V  -  Vv)  “  AI/AV*(V  -  Vv)* 


(2) 


Evaluation  of  this  '^se-time"  integral  yields  t^  s  4.4AV/S. 

This  expression  can  be  tested  on  the  GaAs/AlAs  DBD  that  was  measured  to  switch  in 
2.1  ps  [31.  The  speed  index  for  this  diode  is  computed  from  the  device  characteristics  to  be 
0.20x10“  V  s~^  and  AV  is  about  0.4  V,  so  that  the  switching  time  is  esdnuoed  to  be  8.8  ps. 
The  discrepancy  between  experiment  and  the  estimation  is  due  in  large  part  to  the  fiict  tluu  the 
experiment  was  conducted  under  overdrive  conditions  whereby  the  voltage  pulse  that  initiated 
the  switch  was  a  significant  fraction  of  AV  in  magnitude  and  comparable  to  in  rise  time. 
Our  estimate,  as  well  as  the  12  ps  estimate  reported  recently  by  Diamond  et  al.  [19]  the 
same  device,  assumes  no  overdrive. 

Using  the  NDR  measured  at  negative  bias  in  Fig.  3  and  a  specific  capacitance  value  of 
1.3  fF  pm~^,  we  calculate  a  speed  index  for  device  3  of  1.7xl0’^  V  s~^  This  leads  to  an  esti¬ 
mate  of  tn  =  1.S  ps,  which  is  less  than  the  value  for  any  GaAs/AlAs  diode  fabricated  to  dam. 
For  example,  we  calculate  t^  =  4.S  ps  for  our  fastest  GaAs/AlAs  oscillator  diode 
(AJ  =  4.3x10^  A  cm"*)  based  on  S  =  0.29x10**  V  s"*  and  AV  =  0.3  V  for  that  device  [2]. 
An  improved  GaAs/AlAs  device  having  AJ  =  7.8x10^  A  cm"*  [18]  yields  »  2.9  ps.  The 
primary  reason  f<»  the  greater  speed  of  device  3  is  the  larger  AJ  at  hi^  Jp.  Note  that  the  best 
reported  speed  index  for  Esald  diodes  is  0.07x10**  V  s~*,  or  70  mA  pF~*  [20],  so  that  die 
In^3Gao47As/ALAs  diode  offers  an  improvement  by  a  factor  of  24.  This  difference  is  a  result 
of  a  much  lower  specific  capacitance  as  well  as  a  larger  AJ  for  die  DBD  compared  to  die 
Esaki  diode. 


The  estimated  switching  tiroes  for  the  best  Inoj3Gaio47As/AlAs  and  GaAs/AlAs  diodes 
fabricated  to  date  are  compiled  in  Table  ID.  The  highest  speed  index  and  the  lowest  switch¬ 
ing  time,  by  far,  are  given  for  the  very  high  current  densi^  diodes  demonstrated  recently  by 
Broekaert  et  al.  [10].  This  results  in  part  from  a  high  AJ  3.2x10^  A  cm"*,  and  in  part  finom 
a  small  AV.  A  comparison  with  the  oscillator  characteristics  in  Table  II  leads  to  die  follow¬ 
ing  important  point  regarding  DBDs.  The  best  oscillator  diodes  are  not  necessarily  die  best 
switch  diodes,  and  vice  versa.  Increasing  AJ  tends  to  increase  oscillaior  power  and  decrease 
switching  time  in  the  same  manner.  Increasing  AV  also  enhances  oscillaior  power,  but  it 
increases  the  switching  time  rince  a  greater  AV  requires  a  greater  duuige  of  charge  across  the 
DBD  capacitor. 

We  have  carried  exit  more  detailed  calculaticms  of  die  rise-time  to  investigate  the  effect 
of  other  parameters  in  the  device  or  circuit  The  effect  of  varjnng  die  load  redstance  was 
determine  by  fitting  the  1-V  curve  of  die  diode  beyond  the  vaOey  voltage  vnth  a  parabola, 
and  then  deriving  an  expression  analogous  to  Eq.  (2)  for  the  rise  time  as  a  funedoo  of 
Rl  ^  AV/AL  This  procedure  yields  a  minimum  value  of  t^  that  dqiends  on  te  detailed  fionn 
of  the  current-voltage  curve,  tot  ^ically  is  about  10%  less  than  4.4AV/S  and  occurs  at  an  R|, 
roughly  two  times  AV/AL  The  effects  kH  the  diode  series  redstance  and  die  quantum-wdl 
inductance  were  determined  by  assuming  a  piecewise-Iinear  fit  to  the  I-V  curve  and  sedvirtg 
the  difrinential  equations  governing  the  dynamic  current  and  voltage.  The  series  ledstance  is 
found  to  increase  t^  by  an  amount  that  becomes  negligible  when  R$  <  AV/AL  In  contrast. 
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Hg.  S.  Lifetime  of  the  first  quasibound  state  as  a  function  of  bairicr 
thickness  for  double-barrier  structures  made  from  five  different 
InGaAs/AlGaAs  material  systems.  The  quantum-well  width  is  fixed  at 
4.6  nm. 

the  quantum-well  inducunce  decreases  tg  somewhat,  but  the  decrease  is  quite  simll  if  t|  is 
less  than  the  tg  given  by  Eq.  (2).  Inspection  of  Tables  I  and  m  shows  that  tg  <  tg  for  aU 
the  diodes  considered  hen.  There  are  other  effects  that  could  increase  the  rise  time,  particu¬ 
larly  in  the  diodes  having  sub-picosecond  values  for  tg  in  Table  Iff.  For  exam^  the 
depletion-layer  transit  time  will  increase  qg,  as  will  the  parasitic  capacitances  and  inductances 
of  Rx>st  device-connecticm  designs  that  are  commonly  used. 

7.  ALTERNATIVE  InGaAs  MATERUL  SYSTEMS 

An  important  quantity  in  predicting  the  perfOTinance  of  double-barrier  stpictures  as  hig^ 
speed  devices  is  the  quasibourid-state  lifetime  tg.  The  peak  current  demUy.is  inversely  pro¬ 
portional  to  tg,  and  die  intrinsic  time  delay  oi  the  resonant-turmeling  process  (represented  in 
the  circuit  naodel  by  Lq^)  is  directly  proportional  to  tg.  Shown  in  Hg.  S  is  the  theoretical  tg 
as  a  function  of  biurier  thicknesses  for  five  different  material  systems,  all  containing  some 
alloy  of  In;iGag_xAs  for  the  quantum  well  and  cladding  layers,  and  some  alk^  of  Al^Gag^As 


for  the  barriers.  The  quantum-well  thickness  in  all  cases  is  assumed  to  be  4.6  nm.  Notice 
that  the  GaAs/AlAs  and  Ino^3Gao.47As/AlAs  systems  yield  nearly  the  same  curve,  despite  the 
fact  that  the  Ino^3Gao,47As  effective  mass  (0.042  m^)  is  less  than  that  of  GaAs.  This  reflects 
the  fact  that  the  lifetime  depends  strongly  on  the  attenuation  coefficient  (complex  wavevector) 
in  the  barriers  but  depends  rather  we^y  on  the  real  wavevector  in  the  quantum  well  and 
cladding  layers.  In  all  regions,  the  attenuation  coefficient  has  roughly  a  square-root  depen¬ 
dence  on  the  effective  mass.  Although  the  Ino33Gao.47As^AlAs  system  does  not  exhibit  the 
severe  degradation  of  PVCR  that  is  observed  in  the  GaAs/AlAs  system  with  thin  barriers,  thin 
barriers  remain  a  necessity  for  the  InGaAs/AlAs  system. 

The  most  obvious  way  to  eliminate  the  need  for  thin  barriers  is  to  use  a  material  system 
with  low  barrier  height  The  GaAs/AlGaAs  system  is  the  nx>st  obvious  choice,  but  the  PV(}R 
of  diodes  made  from  this  system  is  generally  worse  than  that  of  GaAs/AlAs  diodes  because  of 
excess  current  resulting  from  alloy  scattering  in  the  barriers  and  from  thermionic  emission 
over  the  top  of  the  barriers.  Another  choice  of  material  is  the  Ino^3Gao,47As/GaAs.  This  sys¬ 
tem  yields  a  somewhat  lower  barrier  height  (^g  =  0.3  eV)  and  thus  more  thermionic  current 
than  GaAs/AlGaAs,  but  should  have  no  leakage  current  due  to  alloy  scattering.  As  shown  in 
Fig.  S,  this  system  has  a  much  smaller  quasibound-state  lifetime  for  a  given  barrier  thickness 
than  any  of  the  AlAs-barrier  systems.  This  should  allow  for  high  current  densities 
(Ip  ^  1x10^  A  cm~^)  and  small  lifetimes  in  structures  with  relatively  thick  barriers,  e.g.,  in  the 
range  of  4  to  S  nm.  Recently,  this  system  has  been  implemented  to  make  a  planar  DBD  with 
a  Jp  of  l.OxKl^  A  cm~^  and  a  PVCR  of  8  at  77  K  [21].  The  last  system  we  consider  here  is 
InAs/GaAs  with  the  GaAs  barriers  kept  thin  enough  to  be  pseudomorphic.  The  barrier  height 
for  this  system  is  estimated  to  be  0.7  eV,  which  should  allow  for  excellent  PVCR  at  room 
temperature.  In  addition,  the  InAs  is  a  superior  material  fcMT  the  cladding  regions  outside  the 
barriers  since  it  will  have  low  series  resistance,  and  a  much  lower  specific  contact  resistance 
than  GaAs  or  Inoj3Gao.47As. 


8.  CONCLUSION 

For  both  oscillator  and  switch  applications,  the  device  perfcnmance  of  pseudomorphic 
Inoj3Gao^7As/AlAs  DBDs  is  superim’  to  that  of  GaAs/AlGaAs  diodes.  The  difference  in 
Imax  estimated  to  be  about  a  factor  of  two,  and  the  difference  in  switching  speed  is  at  least 
a  factor  of  four.  The  switching  speed  advantage  results  from  the  fact  that  the  availaUe 
current  density  in  the  best  InGaAs  devices  is  approximately  four  times  higher  than  in  die  best 
GaAs  devices.  Thus  we  anticipate  that  the  Ifio^3Gao.47As/AlAs  device  will  be  the  most  likely 
candidate  to  be  used  in  the  high-speed  pulse,  trigger  and  logic  applications  diat  are  presently 
proposed  for  DBDs. 
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Abstract— A  semiconfocal  open-cavity  resonatoi  has  been  used 
to  stabilize  a  resonant-tunneling-diode  waveguide  oscillator  at 
frequencies  near  100  GHz.  The  high  quality  factor  of  the  open 
cavity  resulted  in  a  linewidth  of  approximately  10  kHz  at  10  dB 
below  the  peak,  which  is  about  100  times  narrower  than  the 
linewidth  of  an  unstabilized  waveguide  oscillator.  This  tech¬ 
nique  is  well  suited  for  resonant-tunneling-diode  oscillators  in 
the  submillimeter-wave  region. 


I.  Introduction 

HE  OSCILLATION  frequency  of  the  double-barrier 
resonant-tunneling  diode  (RTD)  has  recently  been  ex¬ 
tended  up  to  712  GHz  [1],  which  makes  it  the  fastest  solid- 
state  electronic  oscillator  demonstrated  to  date  at  room 
temperature.  A  major  challenge  in  operating  solid-state 
oscillators  at  frequencies  above  100  GHz  is  the  design  of 
the  resonator.  Conventional  resonators,  such  as  those 
based  on  closed  cavities  or  radial  transmission  lines,  ex¬ 
hibit  an  unloaded  quality  factor  that  decreases  with 
increasing  frequency  because  of  increases  in  the  ohmic 
losses  of  metallic  surfaces.  Open  resonators,  such  as  those 
used  in  lasers,  provide  a  much  higher  but  are  difficult 
to  integrate  with  lumpied-element,  solid-state  oscillators. 
We  have  combined  a  waveguide  RTD  oscillator  and  a 
high-0„  semiconfocal  cavity  to  form  a  quasioptical  oscil¬ 
lator  operating  at  frequencies  near  100  GHz. 

At  present,  the  primary  application  of  the  RTD  oscil¬ 
lator  is  a  low-noise  local  oscillator  (LO)  for  high-sensi¬ 
tivity  radiometers  operating  in  the  submillimeter-wave  re¬ 
gion  (/  ^  300  GHz).  In  this  application  the  linewidth 
must  be  less  than  about  100  kHz  and  the  oscillator  should 
be  frequency  tunable  by  at  least  ±  1  %  of  the  nominal  cen¬ 
ter  frequency.  The  quasioptical  oscillator  demonstrated 
here  provides  the  required  narrow  linewidth,  and  can  be 
easily  scaled  down  in  size  for  operation  at  higher  fre¬ 
quencies. 
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11.  Quasioptical  Oscillator  Design 

The  schematic  diagram  of  our  quasioptical  oscillator 
designed  for  the  100  GHz  region  is  shown  in  Fig.  1.  The 
RTD  is  mounted  in  a  standard-height  WR-6  (0.065  x 
0.0325  in)  rectangular  waveguide  that  opens  abruptly  to 
a  round  0.075-in-diameter  coupling  hole  within  the  mid¬ 
dle  of  a  flat  metallic  plate.  This  plate  forms  one  reflector 
of  a  semiconfocal  open  resonator.  The  TEMoon  modes  of 
this  resonator  have  a  Gaussian  transverse  intensity  profile 
with  1  /e-point  loci  as  shown  in  Fig.  1.  The  spot  diameter 
of  these  modes  at  the  flat  reflector  is  designed  to  be  larger 
than  the  diameter  of  the  coupling  hole.  This  makes  the 
coupling  between  the  waveguide  and  the  open  cavity  fairiy 
weak,  which  is  necessary  to  realize  a  large  loaded  quality 
factor  Qi  for  the  open  resonator. 

In  our  first  implementation  of  the  open  resonator,  the 
flat  mirror  was  an  aluminum  plate,  and  the  spherical  mir¬ 
ror  was  made  from  stainless  steel  and  had  a  radius  of  cur¬ 
vature  of  3.0  cm.  The  length  of  the  cavity,  D,  was  me¬ 
chanically  adjustable  about  the  semiconfocal  value  of  1.5 
cm.  The  upper  limit  of  Q,  for  this  cavity  is  the  unloaded 
quality  factor  Q„.  This  can  be  estimated  by  assuming  that 
the  only  power  loss  suffered  by  the  Gaussian  beam  is  the 
ohmic  loss  in  the  stainless  steel  mirror,  which  is  much 
greater  than  the  loss  in  the  aluminum  mirror.  For  a  reson¬ 
ator  in  which  the  loss  of  one  minor  dominates,  a  useful 
expression  is  =  D/5  [2],  where  5  is  the  skin  depth 
given  by  6  =  {p/ntt  (MKSA  units)  p  is  the  resistiv¬ 
ity,  p,  is  the  permeability,  and  /is  the  frequency.  Taking 
D  =  1 .5  cm,  /  =  103  GHz,  and  p  =  72  x  10“*  Q-cm 
(the  dc  resistivity  of  stainless  steel  [3]),  we  find  6  =  1.3 
pm  and  Qu  =  1.2  x.  10'‘. 

The  waveguide  portion  of  the  oscillator,  shown  in  cross 
section  in  Fig.  2(a),  is  similar  to  the  circuit  used  in  all  of 
our  previous  RTD  oscillators  operating  above  100  GHz. 
The  diode  is  dc  biased  by  a  coaxial  circuit  that  suppresses 
spurious  oscillations  by  means  of  a  very  lossy  section  of 
transmission  line  placed  in  close  proximity  to  the  diode 
chip.  The  lossy  material  is  an  iron-loaded  epoxy.  The 
equivalent  circuit  is  given  in  Fig.  2(b).  The  active  region 
of  the  RTD  is  represented  by  a  large-signal  conductance 
G  in  series  with  an  inductance  Lqw,  both  in  parallel  with 
a  capacitance  Cq.  The  capacitance  is  attributed  primarily 
to  the  depletion  region  of  the  RTD.  The  inductance  is 
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Fig.  1.  Schematic  cross-sectional  diagram  of  quasioptical  resonant-tun¬ 
neling-diode  oscillator  designed  to  operate  in  the  100  GHz  region. 


Fig.  3.  Current-voltage  curve  of  an  Ino.53Gao.47As /AlAs  RTD  mounted  in 
the  WR-6  waveguide  at  room  temperature. 
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Fig.  2.  (a)  Cross-sectional  diagram  of  the  waveguide  part  of  the  quasiopt¬ 
ical  oscillator  with  a  tunable  backshort  replacing  the  open  cavity,  (b) 
Equivalent  circuit  of  the  waveguide  oscillator. 


Fig.  4.  Cross  section  of  RTD  chip  showing  Si3N4  hole  for  whisker  contact. 
The  figure  also  shows  the  path  followed  by  the  RF  current  between  the  top 
contact  and  the  ground  plane. 


attributed  to  the  time  delay  of  resonant  tunneling  [4],  but 
is  not  important  in  the  present  experiment  because  this 
.me  delay  is  much  less  than  the  period  of  an  oscillator 
operating  near  100  GHz.  The  elements  representing  the 
active  region  are  in  series  with  a  parasitic  resistance  Rg 
that  is  composed  of  a  number  of  ohmic-loss  mechanisms 
in  the  RTD  chip.  Each  chip  contains  several  mesa-ge¬ 
ometry  RTD’s,  one  of  which  is  contacted  by  a  whisker. 
The  whisker  is  mounted  on  a  post  that  penetrates  some¬ 
what  into  the  waveguide,  and  the  electrical  effect  of  the 
whisker  is  represented  by  the  inductance  L.  The  effect  of 
the  backshort  is  represented  by  the  reactive  element  JZq 
tan  |3/,  where  Zq  is  the  characteristic  impedance,  0  is  the 
propagation  constant  for  the  fundamental  TE|o  mode,  and 
/  is  the  separation  between  the  backshort  and  the  whisker. 
The  parallel  combination  of  Zo  and  jZo  tan  0i  yields  a  se¬ 
ries  impedance  Z^  =  Zq  sin^  01  +  J^ZqII)  sin  201.  The 
elements  Z^,  Cp,  and  L  form  a  low-|2  series  resonance  that 
supports  oscillations  when  G  is  sufficiently  negative. 

III.  High-Speed  Resonant-Tunneling  Diode 
The  RTD  used  in  the  present  experiment  was  made  from 
the  InGaAs/AlAs  materials  system.  It  has  a  theoretical 


maximum  oscillation  frequency  of  900  GHz,  and  has  pre¬ 
viously  demonstrated  the  most  powerful  oscillations  we 
have  observed  to  date  above  100  GHz  [S].  It  consists  of 
two  1.4-nm-thick  undoped  AlAs  barriers  separated  by  a 
S.S-nm-thick  undoped  Ino.53Gao.47As  quantum  well.  It  was 
grown  by  molecular  beam  epitaxy  on  an  n'^  InP  substrate. 
The  room-temperature  current-voltage  (J-V)  curve  of  a 
diode  having  an  active  area  of  4  /xm^is  shown  in  Fig.  3. 
It  has  a  peak-to- valley  current  ratio  of  approximately  4.2, 
and  a  peak  current  density  of  1.0  x  10*  A  cm“^.  The 
plateau  in  the  I-V curve  between  the  peak  and  valley  volt¬ 
ages  is  the  region  of  oscillation.  The  discontinuities 
(shown  in  Fig.  3  as  dashed  lines)  connecting  the  plateau 
to  the  peak  and  valley  points  are  a  result  of  self-rectifi¬ 
cation  of  the  oscillation  by  the  RTD. 

In  RTD’s  intended  for  stable  high  frequency  oscilla¬ 
tors,  it  is  important  to  achieve  a  robust  whisker  contact 
and  a  low-resistance  current  path  from  the  active  region 
of  the  device  to  the  ground  plane.  The  robust  contact  is 
obtained  by  entrapping  the  whisker  in  a  hole  in  a  Si3N4 
layer  which  covers  the  RTD,  as  shown  in  Fig.  4.  The 
Si3N4  layer  is  deposited  after  the  RTD  mesas  are  fabri¬ 
cated  on  the  wafer.  The  holes  are  defined  by  photolithog- 
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raphy  and  reactive-ion  etching.  An  additional  benefit  of 
the  Si3N4  layer  is  that  it  acts  to  passivate  the  Ino,53Gao.47As 
sidewalls  of  the  RTD  mesa  [6].  The  low-resistance  cur¬ 
rent  path  is  achieved  in  the  manner  shown  in  Fig.  4.  Be¬ 
tween  the  RTD  mesa  and  the  edges  of  the  chip,  the  RF 
current  flows  in  a  heavily  doped  n^  ^  epitaxial  layer  grown 
on  top  of  the  InP  substrate.  The  ac  conductivity  of  this 
layer  is  roughly  10  times  that  of  the  substrate.  From  the 
edge  of  the  chip  down  to  the  post  (ground  plane),  the  cur¬ 
rent  flows  through  a  palladium /gold  layer  plated  on  the 
sidewalls  of  the  chip.  The  overall  series  resistance  from 
the  double-barrier  structure  to  the  bottom  of  the  chip  is 
approximately  O.S  Q  at  dc,  increasing  to  about  1.0  S  at 
600  GHz. 

IV.  Experimental  Results 

The  output  radiation  of  the  quasioptical  oscillator  prop¬ 
agates  down  the  waveguide  to  a  Schottky-diode  mixer 
where  it  is  down  converted  to  the  frequency  range  of  a 
microwave  spectrum  analyzer.  Experimental  power  spec¬ 
tra  are  shown  in  Fig.  5  for  an  RTD  oscillator  operating 
near  103  GHz.  The  broad  spectrum  in  Fig.  5(a)  results 
from  inserting  a  backshort  into  the  waveguide  at  the  open 
end.  In  this  case,  the  oscillator  operates  with  the  wave¬ 
guide  resonator  shown  in  Fig.  2.  The  width  of  the  spec¬ 
trum  10  dB  below  the  peak  is  approximately  1  MHz, 
which  is  unsuitable  for  most  applications. 

Upon  removing  the  short  and  exposing  the  open  cavity, 
the  spectrum  shifts  and  becomes  much  narrower.  The  ex¬ 
pansion  of  this  spectrum,  shown  in  Fig.  S(b),  yields  a 
linewidth  of  approximately  10  kHz  at  10  dB  below  the 
peak.  This  is  100  times  narrower  than  the  waveguide-os¬ 
cillator  linewidth.  The  center  frequency  of  the  cavity  res¬ 
onance  is  determined,  as  in  all  open  resonators,  by  the 
spatial  separation  of  the  reflectors.  By  varying  this  sepa¬ 
ration,  we  were  able  to  tune  the  stabilized  power  spectrum 
over  a  range  of  about  0.3  GHz  at  a  fixed  RTD  bias  volt¬ 
age.  A  greater  tuning  range  of  approximately  5  GHz  was 
obtained  by  varying  the  bias  voltage.  With  each  change 
of  bias,  the  open  cavity  had  to  be  adjusted  to  establish  a 
new  oscillation  frequency. 

The  average  power  of  the  waveguide  and  quasioptical 
oscillators  corresponding  to  the  spectra  in  Fig.  S(a)  and 
(b)  was  found  to  be  approximately  —17  and  —19  dBm, 
respectively.  The  lower  power  of  the  quasioptical  reson¬ 
ator  may  be  a  result  of  some  diffraction  loss  to  free  space 
by  the  semiconfocal  cavity.  Because  the  RTD  is  a  nega¬ 
tive  resistance  oscillator,  its  theoretical  maximum  power 
PmaxCan  be  estimated  directly  from  the  I-V  curve.  A  use¬ 
ful  estimate,  first  derived  for  p-n  Esaki  tunnel  diodes  [7], 
is  ^max  =  (3/16)  A/  •  AV,  where  AI  and  AF  are  the 
differences  between  peak  and  valley  currents  and  between 
valley  and  peak  voltages,  respectively.  For  the  present 
diode,  we  find  A/  =  3.1  mA  and  AV  =  0.22  V,  so  that 
^max  =  -9  dBm.  The  discrepancy  between  this  and  our 
measured  powers  is  typical  for  the  best  RTD  oscillators 
operating  near  100  GHz. 


_ J  ^ _  1MHz 


WAVEGUIDE  OSCILLATOR 

(a) 


QUASIOPTICAL  OSCILLATOR 

(b) 

Fig.  5.  (a)  Power  spectrum  of  the  waveguide  oscillator  without  the  semi- 
confoeal  open  cavity,  (b)  Power  spectrum  of  the  quasioptical  oscillator  with 
the  semiconfocal  cavity. 


V.  Analysis 

The  nonzero  linewidth  of  an  RTD  oscillator  is  attrib¬ 
uted  to  phase  fluctuations  caused  by  noise  processes  in  the 
RTD.  In  this  case,  one  expects  that  the  linewidth  should 
depend  directly  on  the  RTD  noise  power  and  reciprocally 
on  the  loaded  quality  factor.  The  dc  bias  conditions  were 
the  same  for  both  spectra  in  Fig.  5,  and  hence  the  intrinsic 
RTD  noise  characteristics  should  have  been  the  same  for 
both  cases.  The  factor  of  100  difference  in  linewidth  is 
therefore  attributed  to  a  difference  in  the  Qi  of  the  two 
oscillators. 

The  Qi  of  the  quasioptical  oscillator  is  estimated  by 
assuming  that  it  is  approximately  equal  to  the  Qi  of  the 
semiconfocal  cavity  coupled  to  the  waveguide.  Thus  we 
can  apply  the  general  expression  Qf'  =  Qy'  +  Q~ ' ,  where 
Qf  is  the  (external)  quality  factor  for  the  reactive  part  of 
the  open  cavity  plus  the  load  circuit.  An  expression  ap¬ 
plicable  to  the  semiconfocal  resonator  is  Q,  =  ArfijD/TVg 
[8],  where  fo  is  the  resonant  frequency,  Vg  is  the  group 
velocity  of  the  radiation  in  the  cavity,  and  T  is  the  net 
coupling  transmissivity.  We  estimate  Tby  assuming  that 
the  power  coupled  from  the  open  cavity  to  the  waveguide 
is  given  by  the  ratio  of  the  power  contained  within  the 
area  (x/f^)  of  the  coupling  hole  to  the  total  power  in  the 
TEMoon  Gaussian  mode.  This  leads  to  7  =  1.0  -  exp 
(-2/f^/a)o),  where  wq  is  the  characteristic  width  of  the 
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Gaussian  beam  at  the  flat  mirror.^  For  our  semiconfocal 
cavity,  the  expression  wq  =  (  XD/ir)*^^ applies  [9],  which 
yields  wq  =  0.4  cm.  From  this  we  find  T  =  0.1,  which 
results  in  Qf  =  1.3  x  10^  for  our  open  cavity.  Combin¬ 
ing  this  with  the  value  of  derived  in  Section  II  yields 
G,  s  1.2  X  10^ 

The  Qi  of  the  waveguide  oscillator  is  estimated  from 
the  equivalent  circuit  of  Fig.  2.  Experience  has  shown 
that  this  circuit  oscillates  with  greatest  power  when  Im 
[ZlI  is  inductive  and  Re  [Z^]  is  fairly  small,  i.e.,  when 
nir  01  (n  +  l/4)ir,  where  n  is  an  integer.  In  this 
case  the  quality  factor  (for  a  series  resonance)  is  G/  = 
Xc/(Re  [Zi\  Rs),  where  =  (2ir/oC)“'  is  the  ca¬ 
pacitive  reactance  at  resonance.  In  the  experiment  re¬ 
ported  here,  we  used  a  4  ^m^  RTD  having  Rj  =  12  fl  and 
C  =  5  fF,  and  the  backshort  was  adjusted  so  that  Re  [Z^,] 
~  60  Q.  Thus  we  estimate  Gi  ~  5  for  the  waveguide 
oscillator.  The  ratio  of  the  theoretical  loaded  quality  fac¬ 
tors  of  the  two  oscillators  is  240,  which  is  of  the  same 
order  as  the  inverse  ratio  of  the  linewidths. 

VI.  Increased  Frequency  and  Power 

The  quasioptical  oscillator  is  ideally  suited  to  operate 
far  into  the  submillimeter-wave  region  where  the  RTD  is 
currently  the  only  solid-state  source  that  operates  at  room 
temperature.  The  unloaded  quality  factor  of  the  resonator 
will  certainly  increase  with  frequency  as  the  skin  depth  in 
the  mirrors  decreases.  Values  of  Gu  over  10*  are  routinely 
available  from  semiconfocal  resonators  in  the  infrared  re¬ 
gion  of  the  spectrum. 

One  could  obtain  significantly  more  power  and  main¬ 
tain  the  advantage  of  quasioptical  stabilization  by  prop¬ 
erly  implementing  an  array  of  RTD  oscillators  rather  than 
the  single-element  oscillator  demonstrated  here.  In  prin¬ 
ciple,  one  could  configure  many  waveguide-mounted 
RTD’s  with  a  single  semiconfocal  resonator.  However,  a 
more  practical  approach  for  very  high  frequencies  is  a 
planar  RTD  array  based  on  microstrip-circuit  techniques. 
The  key  point  in  either  approach  is  that  the  oscillators  all 
lie  in  an  equiphase  plane  of  the  open-cavity  mode  and  are 
thus  synchronized  by  the  high-G/  resonance.  This  method 
of  power  combining  has  been  used  to  obtain  CW  power 
levels  up  to  0.32  W  from  both  planar  FET  oscillator  ar¬ 
rays  and  Gunn  diode  oscillator  arrays  operating  near  10 
GHz  [10].  It  should  be  a  useful  technique  for  obtaining 
milliwatt  levels  of  power  from  RTD  oscillators  in  the  sub¬ 
millimeter-wave  region.  A  prototype  planar  RTD  qua¬ 
sioptical  oscillator  having  a  single  element  has  recently 
been  demonstrated  near  10  GHz  [11]. 

VII.  Summary 

A  semiconfocal  resonator  has  been  used  to  stabilize  a 
waveguide-based  RTD  oscillator  at  a  frequency  of  103 
GHz.  The  stabilized  oscillator  linewidth  was  approxi- 

'The  quantity  uo  is  the  distance  from  the  center  of  the  Gaussian  beam  to 
the  point  where  the  electric  field  is  down  by  I  /e. 


mately  10  kHz,  which  is  about  100  times  narrower  than 
the  linewidth  of  the  waveguide  oscillator  alone.  The  qua¬ 
sioptical  RTD  oscillator  should  be  suitable  as  a  local  os¬ 
cillator  for  superconducting  tunnel-junction  mixers  up  to 
frequencies  of  at  least  400  GHz. 
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RESONANT-TUNNELUNQ  DIODE 
OSCILLATOR  USING  A  SLOT-COUPLED 
APPENDIX  K  OUASIOPT1CAL  OPEN  RESONATOR 


Sumsnary:  We  have  reported  the  fabrkalkMi  and  the  per¬ 
formance  characterutka  of  l-S/on  strained-layer  MQW-DFB 
lasers.  These  lasers  have  narrower  linewidth  and  lower  ddtp 
width  than  that  of  bulk-active  DFB  lasers.  However,  they  are 
only  comparable  with  unstrained  MQW-DFB  las^  prob¬ 
ably  because  of  their  positive  detuning.  A  linewidth  as  low  as 
3  SMHz  was  observed  for  one  laser  at  l4-4mW  output  A 
1-7  Gbit/s  ASK  transmission  experiment  usint  the  strained 
MQW-DFB  laser  has  been  demonstrated  with  a  reonver 
sensitivity  of  -37 dBm  at  BER  »  10'*  and  with  &3dB  and 
O'SdB  power  penalty  due  to  dispersion  of  40km  and  60km 
standard  fibre,  respectively. 
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ledexhit  lerms;  TiMtd  dfodn.  OsrdiaerB  hffcswwaw  fffp- 


A  reaonant-laanftliag  dnde  baa  oodlkled  as  X-baad  fin- 
quencies  in  b  mkrowave  drcuil  onnostint  of  a  sk(  AAto,.. 
oowpkd  so  a  srmkoafnrsl  open  leaonaior.  Coopi^  hainig 

the  open  leaeaaior  and  ke  sloi  ascakior  improves  the  nobe- 

to-carrier  ratio  by  aboal  3CdB  relaiivo  to  ihai  of  the  slot 

osdiktor  alone  m  the  l0O-200kHa  range.  A  drcuil  operatiaa 

near  lOGHa  hat  been  dedgaod  m  a  seafc  model  for 
nuTtimerre-  and  submdfaaetie-srave  appCcatfonsL 


The  rcsooaiit-tuiinclluig  diode  (RTD)  is  n  quantum-wtl  stnie- 
lure  which  exhibits  native  resistance  Ihnt  exteads  into  the 
submfllimetre-vrave  mngp  FundamentaHipequenqr  oscil- 
htions  at  67SGHz  have  leceetly  been  obtained  from  Rl^' 
and  detection  experimenk  have  demonstrated  that  the  na¬ 
tive  resistance  reqxmsible  far  these  oseflkton  may  penist  to 
frequendca  as  bi^  as  2'STHz.*  Planar  circuits  are  more 
easily  fabricaled  than  wav^uide  circuits  above  lOOGHz.  so  a 
hybrid,  planar,  quasioptkal  RTD  osdlktor  circuit  whose 
essential  features  can  be  scaled  for  use  at  millimetre  wave¬ 
lengths  have  been  developed.  Imtead  of  the  customary 
react!  vc-Dctwork  lowpais  filter  for  biasing,  a  unique  low- 
impedance.  lossy  transmission  line  hes  been  used  to  isokte  the 
RTD  from  external  bias  drcnitiy.  A  temiconfocal  open  cavity 
has  also  been  uied  at  a  resonator,  which  allows  very  hi^ 
quality  factor  Q  and  improves  the  spectral  purity  of  the  osdl- 
klor.  Coupling  of  a  microstiTp  fine  to  nn  open  resonator  has 
been  demonstrated.*  Ibis  is  tbe  fint  time  a  plannr  otcillatoT 
has  been  coupled  to  an  open  icaonator  with  a  slot  Aiit»miA 

The  osdlktor  is  Ohistnied  in  Fig^  I.  A  ooncave  brass  reflec¬ 
tor  faces  a  microwave  CMcait  substrate  that  is  cM  with 
copper  on  the  side  faciag  away  tom  tike  conenv*  reflector. 
The  separation  distanoe,  D.  between  the  circait  and  reflector  is 
adjusuMe  in  the  l5-30mm  range  Tbe  lowest-order  (TEM«oe) 
m^  of  the  open  reaonalor  thus  fanned*  it  in  the  l-lOOHz 
rwD^  The  Cnutsiaa  henm  wamt  raffint  is  Stnun  and  Bet  wdl 
within  the  aren  of  the  lOcm  by  lOcei-sqnare  flat  idBedor  as 
weB  as  the  larger  spherical  tcBocior,  so  diHractiom  losses  are 
negligible  An  unloaded  Q  ef  3S00  was  meaiwred  fitr  the 
TEMoee  mode  This  is  a  reasonable  0  for  a  short  open  reson¬ 
ator. 

Tbe  RTD  was  hbricstod  by  mofecukr-beam  epitaxy  and 
has  the  material  parametcra  cuireat-voliage  dtarnclnristice 
and  the  vravcgmdMMcilktorpetfoiniaaoe  described  ^  Brown 
rt  ei*  Tbe  resoaaat-luaacimg  structure  in  the  dfode  consists 
of  two  I'Sam-tliicfc  nndeped  AlAs  bnirien  seperatod  1^  n 
4-Snin-Ibicfc  nadoped  CaAs  gaanlum  wdL  The  OaAs  repons 
outside  each  hnner  were  miforafa  doped  n-lype  with  a  oon- 
oeatratloe  of  N*  -  2  x  10**01**.  The  carreat  doshy  and 
tpedfle  opndtonoe  cf  this  device  are  known  froas  previous 
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mecsutcoieau*  to  be  4-S  x  IO*Acm**  aad  ebout 
l■6flF #■>'*,  rcspecUvely,  at  the  bias  volu^  Ibr  peak  current 
(ije.  tbe  low>voltafe  end  of  the  nc|alive-icsiitaMe  region).  The 
diode  need  in  the  present  eaperiment  waa  a  dpm-diameter 
roeu  with  a  peak  current  of  3  3  mA  at  a  peak  voluge  of  0-7  V, 
and  a  peak-to-valley  current  ratio  of  about  two  at  room  ten* 
peratutc.  Tbe  diode  chip  was  mounted  on  a  (36  nun-diameter 
post  and  inserted  into  a  2  Smm-long  quartt  tube,  where  a 
tungsten  whisker  mounted  on  a  similar  post  contacted  the 
device  (Fi^  I).  Cyanoacrybie  ftses  tbe  postt  in  tbe  quartz 
tube.  Although  this  package  provides  gnat  convenience  in 
handling,  M  has  parasitic  reactances  that  preclude  its  use 
above  300Hz. 

RTDs  show  negative  resistance  at  all  frequencies  from  DC 
up  to  the  oecillatioo  frequency.  A  bias  circuit  that  suppresses 
undesired  osdllations  over  su^  a  broad  ftequenqr  range  pre¬ 
sents  a  fomudable  dialknge.  The  solution  to  this  problen 
uses  a  lossy  distributed  dement,  rather  than  a  low-loas  leao- 
tive  filer.  Learfiog  from  the  external  )ow-Aequency  bias 
network  to  the  dio^  dreuit  was  a  6-3mm-wide  paralld-plalc 
iransmissirM  line  made  from  0-2Smm-lhick  fixeglass  circuit 
board  material  with  copper  dadding  on  both  sid^  The  bias 
line  accomplishes  two  things.  It  has  a  low  characlerislie 
impedance,  Z«  7-30,  which  provides  for  DC  sUbility  of  the 
osdilaior.  It  ^o  presents  a  high  loss  (metallic  and  dielectric) 
per  unit  length,  which  significantly  lowers  the  Q  of  all  reson¬ 
ances  in  the  bias  dreuit  and  thus  prevents  the  occurrence  of 
spurious  oscillations  in  this  dreuit  at  frequencies  below  those 
df  interest  The  transmission  line  was  27  cm  long,  a  length  that 
approaches  the  ideal  situation  of  an  iefinite  Gik  whrtse  input 
impedance  is  Z«,  regardless  of  how  tbe  external  bias  dreuit 
terminates  the  br  enii  At  low  frequencies,  the  transmission- 
ine  attenuation  was  insullideot  ht  efibclltc  isolation,  but 
normal  termination  and  bypass  measures  with  lumped- 
elemenl  networks  at  the  biu  end  of  the  line  pmvented  osdi- 
latioae  in  that  range  of  frequencies.  In  a  monotithk  version  of 
this  circuit,  highly  doped  GaAs  beneath  a  thin  insulating  layer 
could  used  for  the  lossy  dieledtk.  Metal-insulalor-se^ 
conductor  slow-wave  transmission  lina  have  shown  losses  as 
h^  as  t7-5dB/cm  at  5GHz.*  and  this  tom  could  easily  he 
incremed. 

The  diode  package  was  placed  in  a  circuit  consistiog  of  the 
(Sods;  the  paralld-plate  1^  Sne,  and  a  ski  in  the  single 
copper  cladding  of  the  resonator’s  flat  reflector.  The  narrow 
fimensioo  of  the  slot  is  shown  in  Fig.  1  and  is  approximately 
(3t3mHi.  Tbe  wide  dimensioo  f  runs  perpendicular  to  Ihe 
Hgurc  aad  was  about  6-3mm.  The  equivaleal dreuit  that  best 
moiilels  the  oscillator  is  shown  in  Fig.  2.  At  t-flGHz,  the  slot 
can  be  represented  u  an  inductance  L,  that  is  calculated  to  be 
about  1  nM  Tbe  semiconfocal  cavity  resonance  occurs  at  a 
rai^  l^uency  oi;  represented  by  a 

series  resonant  circuit  in  whidi  the  ener0  storage  is  moddled 
by  1«  aad  and  tbe  power  losses  are  represented  by  The 
overal  cfocuit  resonance  occun  at  a  frequency  just  bdw  s^ 
where  the  capadtive  susoeptance  ofthe  seties  resonant  dreuit 
cameds  the  Muetive  susoeptance  of  the  slot  At  resonance,  tha 
cavity-slot  circuit  acts  as  an  impedance  inverter,  transforming 
the  resistanoe  into  a  hi^ier  rcsistanoe  K, »  (esl^/R,.  For 
sufficiently  high  (2,  ff,  is  large  compared  with  the  loi^  line  Z« 
at  resonance,  to  that  most  of  Ihe  current  generated  by  the 
RTD  is  coupled  to  the  external  RF  load,  l^ng  to  smaller 
losses  in  the  bias  network. 


Measuremenu  were  performed  on  Ihe  osdilaior  both  with 
and  without  the  opca  resonator  in  oboe.  In  both  cases  Ihe 
oulpist  was  monitored  by  means  of  an  X-band  waveguide 
flai^  that  was  placed  u  dose  as  possible  to  Ihe  diode  side  of 
Ihe  slot  Although  this  coupling  was  rather  ineffidenl,  it  was 
sufficient  to  permit  spectral  measurements. 

The  diode,  iu  padage  parasitica,  aad  the  slol  inductance 
foma  a  low-Q  resonant  circuit  that  allows  oednatkw  in  the 
tGHz  ra^  m  the  absence  of  Che  spherical  rdleclor.  The 
spectrum  is  very  broad,  as  the  data  for  the  no-resonator  case 
in  Fig.  3  showt  When  the  spherical  reflector  is  moved  into 
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position  and  Oiiilowbr  varied  so  that  the  resonant  fiequeacy 
of  the  TEMm«  mode  sweeps  past  the  free-running  debtor 
frequency,  the  oscillaioc  lod»  onto  the  cavity  m^  When 
locked,  ite  noiae-lo-Garricr  ratio  JFf/)  in  the  10l3-300kHz 
obet  range  decreasea  by  about  36d^  and  the  osdflator  can 
be  tuned  over  a  2-5%  range  by  adjusting  D.  According  to  the 
dcsncntary  oseflhior  noise  theory  of  VeadeKn,*  the  value  of 
ify)  (u  ndeband  be(iuency  mngta  not  dominated  by  Xff 
de^  noisd  goca  as  (JU**  where  is  the  nalonded  quality 
hetor  of  the  reaonant  dreuiL  If  Q,  with  Ihe  open  resonator  is 
aatumed  lo  be  350CI  tbe  observed  J6dB  decrease  in  noise 
woidd  result  if  Ihe  dot-osciBator  circuit  was  about  51  This 
value  of  ism  the  range  to  be  expected  lirom  a  planar-circuit 
ooefiator.  Although  diodes  of  ihh  qrpe  have  produced  as 
much  as  ISOpW  h  wav^uide  cavidea;  Ihe  nnoptimised 
output  power  of  tkii  osdllslor  into  the  waveguide  flaage  was 
only  about  lOpW.  This  could  be  improved  by  a  aaore  sophia- 
ticaled  output  ceupGag  method  such  as  the  partiaRy  refle^ng 
dMedric  (date  used  ly  Popovk  at  oL,*  in  their  quasioptiGal 
grid  osdlhlor. 

The  quaiioptical  oscilbtor  demonstrated  can  be  scaled 
down  in  size  for  operation  at  millimetre  and  submfiimelie 
vmvelenglhs  aad  co^  generate  modi  hqdttt  power  by  incor¬ 
porating  many  RTD  ilM-oscinalots  in  a  phiw  array.  Fig.  4 
shows  a  phnar  array  of  RTD  slot  oaciDalon  b  which  the 
open  resonator  both  qrnchronises  the  osdlalor  denKals  and 
nanows  Ihe  iiiewidih.  The  lossy  bba  tac  feeds  an  caliic  row 
of  such  oscjBalom  b  contrast  lo  wav^uide  lesonaiotK  the  Q 
of  an  open  resonator  of  flxed  size  increaeea  with  toquemy,  so 
that  this  dengn  should  be  very  uaefol  for  the  eubmfiiinetio- 
wavdengih  r^ioa. 

The  use  Ufa  qussiopticel  cavity  and  slet  antenna  as  a  res¬ 
onator  for  an  RTD  osciBalor  has  been  demonstrated.  The 
qnueinpHral  cavity  reduces  the  noise-to-carrier  ratio  hy  about 
Mdl  coaspaied  with  Ihe  slol  osriBsior  alooe  b  the  lOb- 
300kHz  ra^  Variation  of  Ihe  cavity  length  leads  toa  2-5% 
tunability  of  the  cecflhtion  frequency.  This  osdflator  design  is 
expected  tn  be  nsehd  b  the  subesfibtrtm-waveleaglh  region 
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where  the  RTD  has  shown  great  promiK  as  a  fiMdancnlal 
solid-stale  oscillator. 


rtf.  4  Planar-monolithk  arraf  «f  kTD  oseiHators  sfnetrcKiud  hf 
fyasiopikal  cacti  f 
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CHIRP  COMPENSATION  CAPABILITY  OF  A 
SEMICONDUCTOR  LASER  AMPUFIER 

hoaxing  lenm:  lasers  mi  laser  applleetkms,  Semkeatasm 
losers,  Amp^fiers _ _ 

PUlbfmaoec  improvement  is  lapotted  tasulliag  tom  taotv 
porating  a  aemioooduelor  laser  amplifler  (SLA}  aa  a  pom- 
iransmittcr-ampliBcr  in  loaghaul  dfaactly  modtdsisd  opiiBal 
systems  opetaiiag  In  the  I  Spm  regioA  IVt  inpmvcmsM 
attes  from  reduction  of  the  chhp  produoed  by  Be  srmien 
doctor  laser  as  dm  signal  passes  through  the  StA.  Cya 
dosurc  penalty  improvements  in  eacem  of  JdB  ateohanvad 
hir  aa  fflustradve  hmgAaal  4-IGbitA  system. 

/flirodbecilon;  LooB-haiil  hagh-data-rala  dired-modalNiM 
opdcal-fibta  oonmunkatiofi  gystems,  operating  in  lha  I’Spa 
waveleagth  r^km  with  oonvcntioMl  siiigfe-aode  optical 
fibre,  can  be  seriously  impaired  by  interactions  between  Imm 
dynamic  frequenqr  chirp  and  fibre  chromatic  dnpenioa. 
Insertion  of  n  semiconductor  laser  amplifier  m  •  poet- 
transmitter  amplifier  enables  the  source  laser  to  be  operated 
at  reduced  power  levels.  This  can  bdp  alleviate  several  prob¬ 
lems  associated  with  direct  modulation  of  the  seniicoodertor 
laser  at  h^  output  powers,  such  as  targe  chirp  and  the  dH- 
colty  of  in^lemealii^  suitable  drive  circuita.*  We  show  here 
that  tto  coinfiguration  can  also  compensate  for  the  freqnenqr 
chirp  of  directly  modulated  hsera,  thus  improving  ihe  pst^ 
fermance  of  long-haul  systema.  This  hanpens  becauas  even 
with  the  modest  peak  power  available  lirom  semioowhKior 
fauera,  Ihe  nonlinear  propertwe  of  tbs  SLA  can  be  ugnifieaal, 
yi^ng  aa  ampMed  si^  srilh  aa  hnpoeed  fteqwnqr  chbyv 
w^  counteracts  the  chirping  of  the  directly  modalaled 

A 


System  modal  and  mrofyefs:  The  Mock  diagram  of  Fig.  I  Aowa 
the  ftanctional  dements  of  a  fibiAoptie  system  mlngdhtel 


intenaitjr  modulation  and  poet  aa^ih'firaiiow.  The  optical 
source  is  assumed  to  be  a  DFB  laser  that  b  rfireedy  modu¬ 
lated  bjr  its  drive  currenL  The  data  patterns  used  are  pseudo- 


racaivtr 


Pip  I  Wad  Sagrmm  ^  Srea-dtioalea  optical  eoaommleotim  spstem 
Incerporotleg  SLA  m  yon-tranndiir  mtgj/kr 

randouB  aequcsioee  of  leaffih  2*  -  L  The  retponee  of  the 
aemioooduelor  laser  in  terms  of  optical  power  ^  and  phase 
d(r)  is  determined  by  solving  the  largM^nal  rale  equatiena. 
The  ooanplca  envelope  of  the  rlrrtmnnyntir  fidd  of  the  bear 
output  can  he  reprmeated  by  cap  C/#0>  The 

ouM  BeM  of  the  SLA.  RJMl  taU^  helo  aoeount  the  eflkt 
of  noel  rdlectivitiet  and  gain  aatnratioa  can  be  eapeeseed  in 
terms  of  the  input  optical  fidd  Cjn  and  dte  physM  param¬ 
eters  of  the  SLA:* 

>  op  -  (|  OM  -  -  nr,  ^  -  24 
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5*mW  Parallel-Connected  Resonant-Tunneling-Diodc  Oscillator 


Abstraa:  A  novel  oscillator  using  an  amy  (rf'2S  resonant-tunneling  diodes  connected  in 
parallel  has  delivered  an  output  power  of  S  mW  at  1.18  GHz,  which  is  the  highest  microwave 
power  ever  obtained  fixNn  a  lesonant-tuiuielingquantum-weO  device.  Details  of  die  device  design 
and  the  oscillator  circuit  ate  given. 

Introduction:  We  report  a  new  type  of  lesonant-tunneling-diode  (RTD)  oscillator  dutt 
generates  S  mW  at  1.18  GHz.  This  was  obtained  by  paralleling  25  individual  diodes  designed  for 
such  a  connection.  Since  RTD  oscillators  have  genoated  power  at  fundamental  frequencies  as 
high  as  712  GHz,^  advances  in  device  power  output  have  inqxirtant  implications  ftM*  millimeter- 
wave  and  submiUimeter-wave  power  generation. 

Device:  The  diode  used  in  these  experiments  is  an  RTD  containing  four  baitiers  instead  of 
the  usual  two.  The  quantum  wells  and  cladding  layers  are  made  from  biQLSsGao^yAs  Oattioe 
noatched  to  InP),  and  die  barriers  ate  made  from  AlAs.  The  advantage  of  die  new  device  is  diat  die 
voltage  range  of  the  native  differential  lemstance  Q^R)  region,  AV,  is  qipioximatefy  duee  times 
diat  of  a  ^cal  double-barrier  device.^  Since  die  power  deliveiedio  the  load  is  proportional  lo 
(AV)2  for  a  given  resonator  circuit,  dus  increases  die  available  oscillator  power  by  ^pproximalelly 
ninetimes.  To  achieve  diis  level  of  power,  the  total  area  of  die  Modernist  be  such  that  the  avenge 
n^ative  resistance  of  the  diode,  IRi,  is  matched  10  load  resistance  R|^ 

In  the  present  experiment,  we  designed  Rl  to  be  qqxoximaidySH  This  resistanoe 
required  a  relatively  large  total  diode  area  (roughly  1000  pn?)  to  adneve  the  matched  oonfition.  A 
single  diode  having  dus  area  would  be  destroyed  by  overheating  if  biased  anywhere  in  die  NDR 
region.  To  reduce  the  device  heating,  we  fabricated  an  array  of  25  tfiodes  in  parallel  uring  planar 
fabrication  techniques.  Eadi  diode  had  an  area  of  approximatdy  60  |ini?  and  was  positioned  on  a 
square  grid  with  24  pm  between  the  centers  of  nearest  neighbors.  The  connection  between 


elements  of  the  array  was  accomplished  by  a  central  contact  pad  deposited  on  lop  of  a  silicon 
nitride  planarizing  layer.  We  estimate  the  maximum  frequency  of  oscillation  of  a  single  diode  to  be 
120  GHz. 


Experiment  Mdrestdts:  The  test  circuit  is  shown  in  Fig.  1.  The  2SHfiode  chip  was 
packaged  on  a  standard  TOS  header  whose  paiaatic  inductance  limited  the  frequency  of  nwiilhiion 
in  the  circuit  The  TOS  header  was  connected  to  one  end  of  a  resonator  loop  fabricated  from  a 
mm- wide,  6-mm-long  piece  of  thin  brass  sheet  The  loop  extended  away  from  the  header  ground 
plane  in  the  shape  of  an  upside-down  ”U"  with  the  other  end  going  to  the  Irias  circuit  The  ouqxit 
coupling  was  achieved  by  a  copper  strip  that  fitted  over  the  resonator  and  was  separated  from  it  by 
a  thin  plastic  insulating  sheet.  The  resonator  and  coupling  loop  are  shown  as  transformer  Ti  in 
Fig.  1.  Because  the  NDR  of  an  RTD  extends  in  frequency  down  to  DC.  ihqr  are  ixone  to  bias- 
circuit  oscillations.  For  these  devices,  we  found  thru  a  technique  siniilar  to  frat  used  by  us  in  a 
previous  lO-OHzRTDoscilktoi^  was  effective  in  i^iriiinating  oscillation  bdow  the  desired 
frequency.  The  low-impedance  microstrip  transmission  Une  shown  in  Hg.  1  presented  nesfy  a 
short  circuit  to  the  diode  at  low  frequencies,  staUlizing  it  outside  the  frequency  range  of  narnutin^i^ 
The  current-voltage  (I- V)  characteristic  of  the  2S  paraOel-ooiuiected  £odes  b  given  in  Fig. 
2  for  a  negative  voltage  appfied  to  die  top  contact  and  die  substrate  at  groonl  Rslimatingthe 
maximum  theoretical  power  by  the  formula  (3/ldXAVXfrI)  (4]  we  prerficted  about  20  mW  based 
upon  thbl-V  curve.  The  hi^iest  power  we  have  obtained  from  ddscncuitbpidiinfauny 
experiments  is  SmW  at  the  ouqrut  of  a  duee-stub  tuner,  measured  with  a  power  sensor.  The 
oxiesponding  bias  was  -1.949  V  at  -131  mA.  and  the  q)ectrum  of  this  ouqmt  b  shown  in  Hg.  3. 
An  harmonics  were  at  least  23  dB  down  from  the  frindamentaL 


Conclusions:  We  have  obtained  a  power  of  SmW  at  1.18  GHz  frmn  a  parandcooliinaiioo 
of2SRTDs.  In  additkm  to  demonstrating  a  new  type  of  RTDoscfllaior,ddsexpeiimeat 
demonstrates  that  RTDscan  soocessfuDy  be  used  in  achip-level  power-ooabiidi^citcuiL 
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There  is  a  need  for  low-power,  high-speed  digiul  devices  in  a  wide  array  of  applications 
including  logic,  static  memory,  and  signal  processing.  In  this  paper  we  show  that  the  high¬ 
speed  and  negadve-iesistance  properties  of  the  lesonant-tunneling  diode  (RTD)  can  improve 
the  performance  of  some  common  inverters  by  greatly  reducing  the  static  power  dissipation 
while  affecting  the  dynamic  properties  to  a  much  lesser  extent  We  examine  the  RTD  used  as 
a  load  for:  (1)  the  heterostructure  field-effect  transistor  (HFET)  in  a  direct-coupled  FET  logic 
(DCFL)  configuration  like  that  m  [1],  and  (2)  the  heteiojunction  bipolar  transistor  (HB*n  in  an 
integrated-injection  logic  (I^L)  configuraticm  [2]. 

The  resonant-tunneling  diode  (RTD)  is  a  quantum-transport  device  diat  has  attracted 
much  attention  in  recent  yean  because  of  the  high-speed  negative  differential  resistance 
(NDR)  region  in  its  current-voiiage  (I-V)  curve.  Fundamental  oscillations  in  the  NDR  region 
have  been  obtained  up  to  712  GHz  [3]  in  the  highest-quality  diodes.  Shown  in  Hg.  1  is  the 
current  density  vs  voltage  (J-V)  curve  of  a  candidate  RTD  for  high-speed  low-power  digital 
applications.  It  consists  two  1.4-nm-thick  AlAs  bairien  separated  by  a  S.9-nm-thick 
Inoj3Gao.47As  quantum  well  The  peak  current  density  Jp  is  1.4xl(y^  A  cm~^  and  the  peak- 
to-valley  current  ratio  (PVCR)  of  this  device  is  12.  At  the  peak  voltage  the  specific  capaci¬ 
tance  Cs  is  approxinoately  l.S  IF  pm~^.  The  theoretical  RC-limited  switching  time  htc 
the  peak  to  the  valley  point  is  approximately  2  ps.  This  is  roughly  ten  times  shorter  dum  the 
switching  time  of  the  p-n  (Esaki)  tunnel  diode,  a  negative  resistance  device  that  can  also  func¬ 
tion  as  a  load  element  for  transistors  [4]. 

In  the  HFET-RTD  inverter  configuration,  the  RTD  presents  the  load  line  shown  in  Hg.  2. 
The  static  transfer  characteristic  die  inverter  computed  by  udng  SPICE  2G  is  given  in  Fig. 
3.  The  RTD  I-V  curve  used  is  a  polynomial  ie{uesentation  of  a  13-iun*-area  InGaAs  diode. 
The  HFET  1-V  characteiisdcs  used  are  those  of  a  SPKX  model  representing  a  l.O-pm-gate- 
length,  lO-pm-wide  bGaAs  enhancement-mode  (E)-HFET  having  a  diannel  sheet  densiQr  of 
approximately  2x10*^  cm~^.  The  unity-cuirent-gain  cutoff  fiequenqr  of  dns  HFET  is  22  GHz. 
The  low  static  power  Pj  in  the  low-ouqnit-volta^  (V^)  state  is  an  attractive  feature,  similar 
to  that  displayed  by  die  MESFET  Esaki-diode  inverter  m  [4].  Rroo  Table  I,  we  see  that  die 
static  power  can  be  as  low  as  24  pW  but  increases  rapidly  as  Vdq  goes  from  0.7S  to  0.9  V. 
The  sensitivity  of  the  inverter  characteristics  to  Vqq  as  well  as  the  effect  RTD  and  HFET 
device  variations  on  lo^c  performance  will  be  discussed. 

The  dynamic  properties  ci  this  HFET-RTD  inverter  were  determined  by  SPICE  simula¬ 
tions  ring  oscillaton.  The  gate  capacitance  of  the  HFET  was  assumed  to  be  2  fF  per 
micrometer  of  gate  length  per  micrometer  d  gate  width.  An  addhional  10  fF  is  connected 
between  the  output  node  and  ground  to  simulate  interconnect  crpadtance.  The  switching 
delay  time  (j  is  62  ps  when  P5  »  24  pW  and  decreases  slowly  with  Vdq,  as  does  the  dynamic 


power  P|>  The  switching  energy  E  =  is  3.6  fJ  for  Vqq  =  0.75  V.  For  comparison, 
Table  I  shows  the  rimulated  result  for  a  conventional  DCFL  inverter  consisting  of  the  same 
(E)-HFET  InGaAs  inveiter  as  above  but  with  a  depletion-mode  (D)-InGaAs  HFET  load.  The 
E-D  HFET  inverter  operates  with  less  than  half  dte  switching  delay  but  nearly  5  times  the 
static  power  and  80%  higher  power-delay  product  compared  to  the  inverter  above.  The  longer 
tj  of  the  HFET-RTD  inverter  stems  from  a  slow  to  trannition.  The  higher 
power-delay  product  of  the  E-D  HFET  is  caused  by  the  nearly  two-times  greater  ou^t  node 
capacitance  of  the  D-HFET  load  cmnpared  to  the  RTD  load.  Table  I  also  shows  the  effect  of 
varying  the  HFET  size.  Reducing  the  gate  length  to  0.5  pm  does  not  change  Ps  Init  decreases 
t,!  and  E  by  just  over  a  factor  of  two.  Ihis  demonstrates  that  the  driver  HFET  is  linuting  the 
speed  of  the  HFET-RTD  inverter. 

A  bipolar  analog  of  the  HFET-RTD  inverter  can  be  made  with  the  RTD  as  the  load  ele¬ 
ment  and  an  HBT  as  the  driver.  In  this  configuration,  HBTs  can  potentially  provide  higher 
transconductance  than  the  FETs,  leading  to  higher  fan-out  capability.  The  uniformity  of  the 
tum-on  voltage  of  HBTs  is  better  than  that  of  FETs,  potentially  leading  to  greater  manufac¬ 
turability.  With  HBTs  it  is  also  easier  to  ensure  that  the  transistor  peak  current  is  greater  than 
the  peak  cunent  of  the  RTD  load.  A  problem  associated  with  HBT  use,  however,  is  the  fact 
that  with  the  collector  current  limited  by  the  RTD,  the  device  enters  the  saturadon  regime, 
which  can  result  in  excess  base  cunent  and  excess  charge  storage.  These  adverse  effects  can 
be  alleviated  with  pn^  cunent  limiting  in  the  base  circuit  A  candidate  logic  dicuit  is 
shown  in  Hg.  4.  Preliminary  simulations  indicate  n  dramatic  reduction  in  static  power  dissi¬ 
pation  compared  to  conventional  I^L  [2]. 

In  summary,  we  have  shown  that  InGaAs  RTDs  having  a  peak-to-valley  ratio  of  12  at 
room  temperature  can  switch  in  approximately  2  ps  and,  therefore,  are  useful  as  negative 
resistance  loads  for  heterostmeture  transistmrs  in  digital  circuits.  We  have  simulated  HFET- 
RTD  and  HBT-RTD  inverters  using  SPICE.  We  have  found  tiiat  ^  of  die  1.0-pm-gaie-lengdi 
HFET-RTD  inverter  is  greater  than  that  of  the  E-D  HFET  inveiter  by  over  a  factor  of  two,  the 
power-delay  product  is  lower  I7  nearly  a  factor  of  two,  and  Pj  is  lower  by  a  factor  cf  five.  A 
similar  contrast  is  found  between  HBT-RTD  and  conventional  HBT-I^.  inverters. 

Acknowledgments: 

This  woric  was  sponsored  by  the  Air  Force  Office  of  Scientific  Research  and  the  Defense 
Advanced  Research  Projects  Agency. 


References: 


[1]  K.  L.  Lear,  K.  Yoh,  and  J.  S.  Harris,  Int.  Symp.  GaAs  and  Related  Compounds,  Atlanta, 
GA,  1989,  p.  593. 

[2]  C.  E,  Chang,  P.  M.  Asbeck,  K.  C  Wang,  and  E.  R.  Brown  (to  be  published) 

[3]  E.  R.  Brown,  J.  R.  Sbderstrbm,  C  D.  Parker,  L.  J.  Mahoney,  K.  M.  Molvar,  and  T.  C 
McGill,  Appl.  Phys.  UtL,  voL  58,  pp.  2291-2293,  1991. 

[4]  K.  Uhovec,  IEEE  J.  Solid-State  Circuits,  voL  14,  pp.  797-800, 1979. 


Fig.  1: 


Current  density  vs  vol 
InGaAs/AlAs  materiab  i 


CURRENT  (mA) 


Fig.  2:  Current-voltage  curves  for  l.S-pm^-area  XnGaAVAlAs  RID  and  lJO-|im-gaie-lengih 
InGaAs  HFET  at  nxMn  temperature.  Bodt  curves  are  derived  fiom  SPICE  20 
models. 
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Fig.  3: 


Transfer  characteristic  of  HFET'RTD  inverter  of  Rg.  2. 
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Abstract 

A  new  high-speed  digital  logic  family  based  on  heterojunction  bipolar 
transistors  (HBTs)  and  resonant  tunneling  diodes  (RTDs)  is  proposed.  The 
negative  differential  resistance  of  an  RTD  is  used  to  significantly  decrease  the 
static  power  dissipation.  SPICE  simulations  indicate  that  a  switching  speed 
below  150  ps  at  0.09-mW  static  power  dissipation  per  gate  should  be 
obtainable.  , 
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I.  Introduction 


Many  present  and  future  digital  systems  demand  ultrahigh-speed 
operation,  high  levels  of  integration,  and  low  power  dissipation.  These  three 
requirements  often  conflict,  and  therefore  the  design  of  practical  logic  families 
reflects  application-specific  compromises.  For  uitrahigh  speed,  the 
heterojunction  bipolar  transistor  (HBT)  provides  significant  advantages  over 
competing  transistor  technology.  HBT-based  ECL  frequency  dividers  have 
operated  up  to  36  GHz  (1],  but  the  high  speed  comes  at  the  cost  of  high  power 
consumption.  Power  dissipation  comprises  the  dynamic  power  dissipation 
(while  gates  are  switching)  and  the  static  power  dissipation  (consumed  even 
without  switching  operations).  The  dynamic  power  dissipation  is  determined  by 
the  need  to  charge  output  capacitances.  However,  in  most  circuits  the  majority 
of  the  power  dissipation  is  static  power.  It  is  of  significant  interest  to  develop 
logic  approaches  with  HBTs  and  other  high-speed  devices  that  minimize  sta^ 
power,  as  occurs  in  CMOS.  In  this  paper,  a  novel  logic  approach  is  proposed 
and  analyzed  that  employs  the  negative  differential  resistance  (NDR)  of  RTDs  to 
reduce  static  power  dissipation. 

The  use  of  NOR  loads  in  logic  circuits  has  been  previously  discussed. 
Lehovec  [2]  proposed  the  appfication  of  Esaki  tunnel  diodes  as  load  devices  for 
GaAs  MESFET-based  circuits.  Later,  a  related  logic  family  combining  RTDs 
and  HFETs  was  analyzed  by  Lear  [3].  The  RTDs  provide  a  significant 
improvement  in  performance  as  compared  with  EsaM  tunnel  diodes.  In 
particular,  the  device  capacitance,  which  is  high  in  Esaki  tunnel  dtodes  because 
of  the  required  high  doping  densities,  can  be  reduced  roughly  tenfold. 
Furthermore,  the  output  current  vs  voltage  (l-V)  characteristics  can  be  tailored 
by  appropriate  bandgap  engineering  to  provide  the  desired  shape.  In  recent 
years,  RTDs  have  been  demonstrated  in  high-performance  osdilators  operating 
up  to  712  GHz  [4]  with  typical  current  densities  greater  than  1x10^  A  cm*^ 

This  paper  discusses  a  logic  family  that  combines  RTD  loads  with  HBTs. 
The  use  of  HBTs  rather  than  FETs  provides  a  number  of  advantages.  As 
discussed  below,  the  high  transconductance  of  HBTs  allows  the  devices  to 
operate  at  high  speed  with  relatively  low  voltage  swings.  The  high 
transconductance  also  minimizes  the  hysteresis  in  the  static  transfer 
characteristic,  which  is  a  natural  consequence  of  the  RTD  l-V  curve.  Not  only  do 
HBTs  naturally  provide  the  threshold  voltage  control  necessary  for  logic  with 


low  voltage  swings,  but  they  also  are  compact  devices  with  veiy  high  unity- 
current-gain  frequency  fy  (above  50  GHz)  that  permits  the  reaHzation  of  high¬ 
speed  circuits.  Moreover,  fabrication  approaches  for  RTDs  and  HBTs  appear  to 
be  compatible.  In  principle,  the  logic  family  discussed  here  could  be  realized 
with  either  silicon  or  heterojunction  bipolar  technology. 

The  use  of  bipolar  transistors  in  conjunction  with  RTDs  also  has  a 
disadvantage  compared  to  FET  approaches.  In  the  circuit  descn'bed  below,  the 
saturation  of  the  bipolar  transistor  in  one  of  the  logic  states  results  In  excess 
current  and  minority-carrier  charge  storage  in  the  base.  A  novel  approach  to 
alleviating  these  problems  is  discussed  here. 

The  paper  first  presents  a  description  of  the  proposed  HBT/RTD  circuit 
topology.  This  is  followed  by  a  discussion  of  the  SPICE  models  and  the 
simulated  performance  of  a  few  specific  circuits.  Last,  future  prospects  for 
realization  are  discussed. 


II.  Circuit  Description 

A  schematic  diagram  of  the  HBT/RTO  inverter  is  presented  in  Fig.  1.  In 
this  configuration,  the  RTO  functions  as  a  source  of  current  for  the  base  as  well 
as  a  pull-up  load  for  the  previous  stage  (not  shown  in  Fig.  1).  Schottky  barrier 
diodes  (01-03)  shift  the  output  voltage  to  allow  compatibility  between  input  and 
output  voltages.  The  same  Schottky  barrier  diodes  also  function  as  ”logic 
diodes”  that  enable  the  outputs  of  various  gates  to  be  wired  in  AND 
configurations,  as  in  I^L.  The  resistor  Rb  is  chosen  to  minimize  the  base  current, 
while  the  bypass  capacitor  Cb  maintains  fast  transient  response.  Together, 
these  elements  alleviate  the  problems  associated  with  HBT  saturation.  As  one 
might  observe  from  Fig.  1 .  the  proposed  HBT/RTD  logic  family  is  similar  to  I^L 
logic.  This  similarity  allows  HBT/RTD  logic  to  implement  the  myriad  of  circuits 
already  designed  for  I^L. 

Illustrated  in  Fig.  2  is  the  l-V  curve  of  the  RTD  pull-up  load  superimposed 
on  the  l-V  characteristic  of  the  driver  device  (an  HBT  in  series  vrith  a  Schottl^ 
diode)  for  analyzing  the  logic  levels.  The  stable  intersections  of  the  l-V  curves 
are  labeled  A  and  B.  Typical  high  and  low  logic  levels  are  1.75  and  0.98  V, 
respectively.  By  neglecting  base  currents,  the  intersection  of  the  pull-up  device 
curve  with  the  driver  device  determines  the  collector  currerrt  Ic-  For  high  output 
voltage  the  HBT  is  off.  and  power  dissipation  is  minimal.  For  low  output  voltage 


the  RTD  is  biased  near  the  valley  point,  which  constrains  Ic  and  the  power 
dissipation  to  a  low  (although  nonzero)  value. 

The  application  of  a  high  logic  level  on  the  input  of  the  inverter  causes 
the  MBT  to  saturate.  It  is  necessary  to  Imit  the  current  flow  into  the  collector  in 
this  state.  This  limitation  is  accomplished  by  Rp.  which  suppresses  the  base 
current  and  charge  storage  in  the  base-collector  Junction.  To  minimize  the  static 
power  dissipation  in  this  state,  the  voltage  drop  across  the  RTO  should 
correspond  closely  to  the  valley  voltage.  This  can  be  arranged  by  proper 
choice  of  power-supply  voltage  Vcc.  Temperature  variations  in  the  saturation 
voltage  of  the  HBT  and  in  the  turn-on  voltage  of  the  Schottky  diode  cause 
relatively  small  excursions  of  the  bias  point  around  the  preferred  design  point. 

With  Vcc  adjusted  for  minimum  static  power  dissipation,  the  logic  swing  of 
the  HBT/RTD  circuit  is  around  0.8  V.  The  turn-on  voltage  for  the  typical 
GaAs/AIGaAs  HBT  is  approximately  1.3  V.  Without  the  shift  in  voltage  level  due 
to  the  Schottky  diode,  an  incompatibility  exists  between  the  input  and  output 
logic  levels.  With  the  Schottky  diode,  the  output  swing  is  between  1.75  and 
0.98  V.  Unlike  the  case  for  CMOS,  the  low  output-logic  level  of  the  HBT/RTD 
inverter  does  not  approach  ground  because  of  both  the  level-shift  diode  and  the 
saturation  voltage  of  the  HBT.  However,  as  shown  later,  the  static  power 
dissipation  is  stiR  low  compared  to  that  of  conventional  1^  inverters. 

In  order  for  the  output  to  make  a  transition  from  the  high  to  the  low  logic 
level,  it  is  necessary  that  the  transistor  collector  current  momentarily  exceed  the 
peak  current  of  the  RTD.  That  is.  the  transistor  base  current  must  rise  so  that  the 
operating  collector  current  curve  is  the  curve  labeled  C  in  Fig.  2  (or  a  higher 
curve).  In  order  for  the  output  to  make  a  transition  from  the  low  to  the  high  logic 
level,  it  is  necessary  that  the  transistor  collector  current  momentarily  be  lower 
than  the  valley  current  of  the  RTO.  For  this  to  occur,  the  transistor  base  current 
must  be  just  lower  than  the  base  current  corresponding  to  curve  D  in  Fig.  2. 
This  assumes  that  the  base  of  the  HBT  in  the  next  stage  draws  neglgible 
current  due  to  Rb.  Our  simulations  show,  in  addition,  that  proper  operation  of 
the  circuit  depends  on  having  adequately  low  values  of  the  HBT  parasitic 
emitter  and  collector  resistances  Re  and  Rc,  so  that  the  peak  HBT  collector 
current  achievable  during  an  input  low-to-high  transition  exceeds  the  peak  RTD 
current. 

The  inverter  static  transfer  characteristic  is  shown  in  Fig.  3.  The 
nonlinear  l-V  curve  of  the  RTO  load  causes  a  hysteresis  in  the  transfer 


characteristic.  The  vertical  transitions  (dashed  lines  in  Rg.  3)  represent 
unstable  regions  and  correspond  to  abrupt  changes  in  the  stable  operating 
points  of  the  HBT/RTD  combination.  The  noise  margins  NM^  and  NM^  are 
defined  in  Rg.  3  as  the  separations  between  the  stable  logic  voltages  and  the 
nearest  respective  points  having  unity  gain.  The  presence  of  hysteresis  can 
actually  enhance  noise  margins,  increasing  the  circuit  tolerance  to  noise  pulses 
[2].  The  magnitude  of  the  hysteresis  of  HBT/RTD  inverters  is  relatively  small 
compared  to  FET/RTO  inverters  because  of  the  larger  transconductance  of  the 
HBTs. 

During  transient  operation,  the  rate  at  which  a  logic  gate  can  charge  and 
discharge  the  output  node  capacitance  determines  the  switching  speed.  In 
pulling  the  output  from  high  to  low.  the  high  transconductance  of  the  HBT 
enables  it  to  swiftly  sink  the  current  from  both  the  load  RTD  and  the  next  stage, 
in  pulling  the  output  from  low  to  high,  on  the  other  hand,  the  current  is  provided 
by  the  RTD.  If  the  peak-to-valley  current  ratio  (PVCR)  (point  E/point  B.  Rg.  2)  is 
high,  then  the  switching  time  from  output  low  to  output  Ngh  is  fimited  primarily 
by  the  valley  point,  and  the  switching  time  decreases  rapidly  with  the  magnitude 
of  the  valley  current.  Since  the  static  power  increases  with  valley  current,  a 
trade-off  exists  between  these  two  factors.  Thus,  the  PVCR  plays  an 
instrumental  role  in  both  the  switching  time  and  the  power  consumption.  A  high 
value  of  PVCR  of  10  is  assumed  in  the  present  work.  Experimental  values  of 
PVCR  in  excess  of  10  have  been  reported  for  RTDs,  even  in  conjunction  with 
high  current  density  (6). 

In  order  that  Rb  not  limit  the  switching  speed  of  the  drcuH,  it  is  bypassed 
with  a  capacitor.  The  value  of  the  capacitor  is  chosen  to  be  large  enough  to 
provide  the  base  charge  required  to  switch  the  HBT  while  small  enough  to 
minimize  excess  charge  storage  in  the  saturation  region.  With  the  high  fy  and 
small  size  of  present  HBTs.  the  value  of  Q)  need  not  be  very  large.  A  value  of 
0.25  pF  is  chosen  for  our  simulations. 

III.  Device  Modeling 

Modeling  using  the  SPICE  3D2  circuit  simulation  program  has  been 
carried  out  to  determine  the  performance  of  the  proposed  logic  family.  For 
meaningful  circuit  simulations,  accurate  models  for  the  RTDs  and  HBTs  were 
required. 


SPICE  models  of  RTDs  have  been  Introduced  and  have  been  used  to 
simulate  Integrated  circuits.  All  of  the  models  have  been  based  on  simplified 
representations  of  the  l-V  curve,  such  as  piecewise  linear  [7]  or  polynomial  fits. 
The  present  simulations  employ  a  more  physical  representation,  taking 
advantage  of  the  option  in  SPICE  30  for  transcendental  forms  for  voltage- 
controlled  current  sources.  The  RTD  l-V  curve  has  the  form 

l  =  f|ciV[tan“\c2V+C3)-tan"^(c2V+C4)|+C5V*"+C6V"j  ,  (i) 

where  f  is  a  scale  factor  used  to  vary  the  RTD  area.  Constants  Ci  through  C4  are 
determined  by  the  peak  voltage,  the  peak  current,  and  the  tum-on  voltage. 
Constants  cs  and  ce  are  determined  by  the  valley  voltage  and  current.  The 
exponents  m  and  n  (n  >  m)  are  chosen  to  get  a  satisfactory  fit  to  the  l-V  curve 
beyond  the  valley  point.  The  two  tan*i  terms  arise  from  the  degenerate 
stationary-state  tunneling  theory  of  the  l-V  cunre,  with  a  Lorentzian  form  used  for 
the  transmission  probability  [8].  The  two  polynomial  terms  account  for  the 
excess  (/.e..  inelastic)  current,  which  is  the  predominant  current  component  at 
the  valley  point  and  beyond. 

The  parameters  in  the  SPICE  30  RTD  model  are  determined  from  the 
experimental  room  temperature  l-V  curve  of  an  RTD  having  an  area  of  14  pm^, 
a  5.5-nm-thick  lno.53Gao.47As  quantum  well.  1.5-nnvthick  AlAs  barriers,  and 
lno.53Gao.47As  cladding  layers,  all  grown  lattice  matched  on  an  InP  substrate. 
The  experimental  curve  in  Fig.  4  has  a  peak  current  density  of  6x1(H  A  cm*2  and 
a  PVCR  of  10.  The  SPICE  model  l-V  cunre  has  Ci «  0.0021  A  V*i, oz  *  24.5  V-i, 
C3  =  -5.0,  C4  s  -15.0,  C5  =  0.000035  A  V*f ,  C6«  0.000056  A  V*5,  m  « 1,  and  n  »  5. 
The  model  l-V  curve  overestimates  the  current  somewhat  at  voltages  just  below 
the  peak,  and  deviates  significantly  at  voltages  well  beyond  the  valley,  but  It 
agrees  very  wen  at  the  crucial  peak  and  valley  points  and  near  zero  bias.  To 
account  for  displacement  current  in  the  RTD,  the  SPICE  model  also 
incorporates  a  reverse-biased  junction  diode  in  parallel  wfth  the  current  source. 
The  capacitance  is  chosen  as  Cjo  »  2.5  fP  pm*2  at  zero  bias  and  has  a  voltage 
dependence  of  (UVA/bi)'^^.  where  Vu  »  0.1  V.  This  form  of  capacitance  is 
suitable  for  RTDs  having  a  lightly  doped  spacer  layer  on  the  anode  side  of  the 
double-barrier  structure  that  is  much  wider  than  the  double-barrier  structure 
itself.  The  effect  of  the  double-barrier  traversal  time,  which  can  be  represented 


by  a  quantum-well  Inductance  [9],  is  neglected  in  the  present  simulations  since 
in  a  device  with  1.5-nm-thick  barriers  it  is  thought  to  be  important  only  at  much 
shorter  time  scales  (<  1  ps). 

SPICE  models  for  HBTs  are  relatively  well  established.  In  this  work,  the 
model  corresponds  to  HBTs  in  routine  fabrication  at  Rockwell  International 
Science  Center.  The  fabricated  HBTs  have  an  emitter  mesa  measuring  1.4  x 
3  pm.  an  It  of  nearly  60  GHz.  and  a  maximum  oscillation  frequency  fmax  of  70 
GHz  [10].  The  Schottky  diodes  in  this  work  were  modeled  using  the  SPICE 
diode  model  with  the  zero-bias  junction  capacitance  set  to  12  IF.  The  other 
model  parameters  were  chosen  to  be  consistent  with  a  2x4-pm  Schottky  contact 

on  GaAs. 


IV.  HBT/RTD  Simulation  Results 

A  variety  of  circuits  based  on  the  proposed  inverter  have  been  simulated, 
including  other  logic  gates,  "delay  chains*  based  on  sequences  of  inverters  with 
varying  fan-out.  flip-flops,  and  flip-flop-based  static  frequency  dividers.  For  all 
circuits  the  input  and  output  are  buffered  by  at  least  one  inverter,  and  the  last 
inverter  was  terminated  by  an  RTD  in  order  to  maintain  the  node  voltages  that 
would  exist  in  a  very  large  gate  array. 

A  six-inverter  chain  circuit  having  one  Schottky  diode  per  gate  was  used 
to  determine  the  transient  characteristics  of  this  looic  family.  The  input  voltage 
waveform  to  the  chain  consists  of  a  periodic  pulse  that  approximates  the  typical 
HBT/RTD  switching  characteristics.  The  slew  rate  and  amplitude  were  chosen 
in  a  self-consistent  manner.  The  third  gate  of  the  inverter  chain  was  used  to 
determine  the  propagation  delay  time  (measured  between  the  50%  points  on 
the  input  and  output  waveform)  and  the  static  power  dissipation.  The  results  of 
the  simulations  are  listed  in  Table  I.  Fig.  5  illustrates  the  typical  switching 
voltage  and  current  characteristics.  The  output  current  waveform  shows 
significant  peaking  during  the  switching  transients,  while  the  steady  state  values 
of  current  are  small,  as  desired  for  low  static  power  dissipation. 

In  order  to  quantify  the  power  dissipation,  both  dynamic  and  static  power 
components  must  be  accounted  for.  The  total  power  dissipation  Ptoi  can  be 
expressed  in  the  form 


where  Pave  is  the  static  power  dissipation  averaged  over  the  low  and  high 
states.  Eo  is  the  dynamic  switching  energy,  and  f  is  the  frequency  of  switching  of 
the  gate.  Values  of  Pave  were  determined  from  the  transient  analysis  by  using 
an  input  waveform  with  a  large  period.  The  value  of  Eo  was  determined  by 
integrating  the  current  passing  through  the  gate  from  the  power  supply  during 
transient  analysis.  This  is  accomplished  by  measuring  the  voltage  across  a 
dummy  capacitor  that  is  coupled  to  the  gate  by  a  current-controlled  current 
source. 

To  gain  further  insight  into  the  operation  of  the  HBT/RTO  inverter,  the 
effect  of  varying  a  number  of  relevant  device  parameters  was  investigated. 
These  parameters  included  a  parasitic  load  capacitance  Cl  and  the  external 
resistor  Rb  as  well  as  the  areas  of  the  HBT.  the  Schottky  diode,  and  the  RTD.  In 
Table  I.  a  scale  factor  of  1  for  the  HBT/diode  combination  denotes  that  the  areas 
of  the  standard  HBT  and  Schottky-diode  designs  described  in  Sec.  Ill  were 
used.  The  RTD  scale  factor  is  normalized  to  the  area  of  the  RTO  design 
described  in  Sec.  III.  Table  I  contains  the  resulting  values  of  delay  time  <td>. 
speed-power  product  Pave  *  <td>»  ^ave#  and  Eo  for  the  various  circuits.  The 
quantity  <td>  is  obtained  by  averaging  the  output  low-to-high  propagation  delay 
time  with  the  output  high-to-low  propagation  delay  time.  The  lowest  delay  time 
in  Table  I  is  39  ps.  but  the  Pave  in  this  case  is  0.4  mW.  If  power  considerations 
are  more  important,  the  HBT/RTO  logic  can  be  designed  to  dissipate  0.09  mW 
with  an  average  delay  of  148  ps  by  using  an  RTD  scale  factor  of  0.1  and  an  Ro 
of  10  kO.  A  comparison  between  the  output-voltage  rise  and  fal  times  reveals 
that  the  rise  time  is  significantly  larger  than  the  fail  time  and  is  imited  by  the 
current  supplied  to  the  node  capacitance  by  the  RTD.  Further  studies  also 
reveal  that  the  intrinsic  base-collector  capacitance  Ctc  of  the  HBT  limits  the 
switching  time.  Reductions  in  Cbc  will  significantly  improve  the  switching  speed 
of  the  inverter. 

For  comparative  purposes,  an  FL  logic  inverter  chain  with  the  same  HBT 
transistor  was  simulated.  The  logic  swing  was  set  to  be  around  0.4  V  [11].  A 
2-kQ  base  pull-up  resistor  yields  a  static  power  dissipation  of  0.9  mW.  a  45-fJ 
static  power-delay  product,  and  a  54-ps  time  delay.  This  power-delay  product  Is 
3.5  times  larger  than  the  best  result  of  15  fJ  shown  In  Table  I.  This  Is  a  good 
measure  of  the  Improvement  offered  by  the  HBT/RTD  logic  over  eidsting  HBT  PL 
logic. 


Additional  simulated  circuits  verified  the  wired  AND  function  of  the 
HBT/RTD  logic  family.  Simulations  of  circuits  designed  to  evaluate  the  fan-out 
characteristics  of  the  gate  uncovered  several  important  device  design  criteria. 
The  current  supplied  by  the  HBT  must  exceed  the  fan-out  number  times  the  RTD 
peak  current.  This  requires  adequately  high  input  base  current,  as  well  as 
controlled  transistor  saturation  voltage,  which  depends  on  having  uniform  and 
low  Re  and  Rc  values  in  the  transistors  involved.  If  Re  and  Rc  are  too  high,  the 
circuit  will  have  reduced  logic  swing  and  high  static  power  dissipation. 
However,  the  logic  functions  will  still  be  correct  in  spite  of  the  reduced  logic 
levels.  One  possible  approach  for  reducing  Re  and  Rc  for  increased  fan-out  is 
to  scale  the  area  of  the  HBT  and  the  Schottky  diode.  The  penalty  of  this 
approach  is  that  It  increases  the  overall  capacitance. 

Frequency  dividers  are  often  used  to  determine  the  high-speed 
characteristics  of  a  logic  family.  The  frequency  divider  requires  a  fan-out  of 
three  for  certain  gates  in  the  circuit.  A  divide-by-two  frequency  divider 
consisting  of  six  NANO  gates  was  simulated.  The  maximum  frequency  of 
operation  for  this  circuit  is  the  inverse  of  four  times  the  average  time  delay  of  a 
single  gate.  In  the  first  simulation,  the  same  optimized  HBTs  (reduced  Re  and 
Rc  without  area  scaling)  are  used  throughout  the  circuit.  A  maximum  operating 
frequency  of  5.25  GHz  with  an  average  P|ot  of  1.4  mW  per  gate  was  calculated. 
For  the  second  simulation,  area  scaling  is  used  to  reduce  Re  and  Rc-  Since  fan¬ 
outs  of  one.  two.  and  three  are  used  in  the  frequency  divider  drcuit.  it  is  possible 
to  optimize  performance  by  increasing  the  device  area  selectively.  In  a  design 
with  scaring  commensurate  with  actual  fan-out,  an  fmax  of  2.4  GHz  with  a  Ptot  of 
1.1  mW  (0.4-mW  static  power  plus  O.T-mW  dynamic  power)  per  gate  is 
demonstrated.  Fig.  6  contains  a  plot  of  the  frequency  divider  operating  at  2.375 
GHz.  The  values  of  power  and  speed  for  these  simulated  dividers  compare 
favorably  with  those  for  other  HBT-based  technologies.  For  example,  we  have 
simulated  a  divWe-by-two  frequency  divider  comprising  standard  HBT  |2l  logic 
and  have  found  the  total  power  to  be  roughly  twice  that  of  an  equivalent 
HBT/RTD  divider  operating  at  the  same  frequency. 

V.  Prospects  for  Realization 

GaAs/AIGaAs  HBT-based  integrated  drcuits  made  using  molecular  beam 
epitaxy  (MBE)  or  organo metallic  vapor  phase  epitaxy  have  been  widely 


produced  in  research  laboratories,  and  pilot  production  has  recently  begun  at 
several  companies.  Also.  RTDs  made  from  several  materials  systems  have 
been  demonstrated  using  MBE  growth.  In  both  cases,  the  key  device 
dimensions  are  defined  during  epitaxy  rather  than  by  post-growth  lateral 
patterning.  In  principal,  the  layer  structures  for  both  devices  could  be  defined 
mononthically  by  a  single  MBE  growth  with  the  RTD  epilayers  lying  on  top  of  the 
HBT  epilayers.  This  is  particularly  easy  because  the  RTD  layers  are  very  thin 
and  can  be  readily  removed  from  the  wafer  where  not  needed.  However,  the 
highest-performance  RTDs  (e.g..  with  high  PVCR  at  room  temperature  and  high 
peak  current  density)  have  been  fabricated  with  materials  systems  other  than 
GaAs/AIGaAs  and  thus  will  not  be  lattice  matched  to  GaAs  substrates.  The 
requirements  for  the  present  circuits  can  be  met  by  RTDs  made  from 
InGaAs/AIAs  (which  has  been  assumed  as  the  basis  for  the  simulations)  or 
InAs/GaSb/AISb.  It  Is  noteworthy  that  Brown  et  al.  have  demonstratso  high¬ 
speed  operation  of  InAs/AISb  RTDs  deposited  on  GaAs  substrates,  despite  the 
presence  of  misfit  dislocations  caused  by  the  large  lattice  mismatch  [4].  The 
ability  to  produce  useful  devices  without  latrine  matching  suggests  that  it  may 
also  be  possible  to  combine  Ili-V  RTDs  with  Si  bipolar  transistors  to  form  a  logic 
family  with  even  lower  power  dissipation  but  lower  speed  than  the  one 
described  here. 


VI.  Summary 

An  HBT/RT'.^  logic  family  has  been  proposed  that,  according  to  SPICE 
computer  simulations,  offers  high-speed  switching  with  low  static  power 
dissipation.  Although  not  the  fastest  logic  family,  it  offers  conskfe^le  reduction 
in  St'  power  for  appHcations  requiring  high-speed  digital  logic.  Furthermore, 
it  should  be  possible  to  combine  both  HBT/RTD  logic  arKf  HBT-based  ECL  logic 
in  the  same  integrated  circuit  through  appropriate  matching  circuitry.  The 
HBT/RTD  logic  family  would  take  care  of  the  slower  functions  and  offer  reduced 
power  dissipation  and  high  packing  density,  while  the  ECL-logic-based  drcuHs 
would  be  employed  in  the  core  high-speed  drcuHs. 
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Figure  Captions 


Fig.  1 .  Schematic  of  HBT/RTO  inverter  capable  of  driving  a  fan*out  of  three. 

Pig.  2.  Inverter  characteristic  consisting  of  the  HBT  driver  curves  superimposed 
on  the  curve  for  the  RTO  pull-up  load. 

Fig.  3.  Voltage  transfer  characteristic  of  the  HBT/RTO  inverter  showing 
hysteresis.  The  dashed  segments  represent  switching  through  the  NOR  region 
of  the  RTD  and  are  not  stable  at  dc. 

Fig.  4.  Comparison  of  experiment  (solid  and  dashed)  and  SPICE  model 
(dotted)  for  the  l-V  curve  of  a  high-current-density  RTD  made  from  the 
ino.53Gao.47As/AIAs  material  system.  The  dashed  portion  of  the  experimental  I- 
V  curve  represents  discontinuous  switching  into  the  middle  portion  of  the  NOR 
region  (also  shown  solid)  in  which  the  RTD  is  oscillating  in  the  measurement 
circuit. 

Fig.  5.  Simulated  voltage  and  current  transient  results  of  HBT/RTD  inverter. 

Fig.  6.  Simulated  results  of  a  divide-by-two  frequency  divider  at  2.375  GHz 
(scaled  by  fan-out).  This  frequency  is  close  to  the  maximum  operation 
frequency  fmor » 1/(4  td). 


CQ  CO  CO  CO  CO  CO  CO  CM  CM 


Table  I 

Numerical  results  of  SPICE  3D2  simulations  of  the  HBT/RTD  Inverter* 


‘Inverter  chain  used  with  Vqc  « 1-9  V  and  Ct, »  0.25  pF;  typical  magnitude  of  logic  swing  is  0.8  V. 
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1.  Introduction 

l.L  Overview 

Tunneling  is  a  strictly  quantum-mechanical  process  that  entails  the  passage  of  a  particle 
from  one  classically  allowed  region  to  another  through  a  classically  forbidden,  or  tunneling, 
region.  Resonant  tunneling  is  distinguished  by  the  presence  within  the  clasically  forbidden 
region  of  quasibound,  or  metastable,  states  of  the  tunneling  particle.  In  solid-state  resonant 
tunneling,  the  quasibound  states  are  usually  associated  with  impurities  in  the  tunneling  region 
or  with  narrow  classically  allowed  regions  (i.e.,  quantum  wells)  contained  within  semiconduc¬ 
tor  heterostructures.  The  present  chapter  is  concerned  with  resonant  tunneling  in  the  double¬ 
barrier  heterostructure,  which  is  composed  of  two  layers  of  a  semiconductor  material,  such  as 
AlAs,  embedded  in  another  semiconductor  having  a  smaller  bandgap,  such  as  GaAs. 

Double-barrier  resonant  tunneling  has  attracted  considerable  attention  because  it  is  one  of 
the  few  solid-state  transport  phenomena  that  can  provide  a  fast  negative  differential  resistance 
(NDR)  at  room  temperature.  The  NDR  region  has  been  used  as  the  basis  fw  high-hrequency 
oscillations  and  high-speed  switching.  For  example,  double-barrier  resonant-tunneling  diodes 
(DBRTDs)  made  from  the  InAs/AlSb  material  system  have  oscillated  up  to  to  712  GHz,  and 
DBRTDs  made  from  the  GaAs/ AlAs  system  have  switched  from  the  peak-current  point  to  the 
valley-current  region  in  a  time  near  2  ps.  Much  of  the  interest  in  resonant-tunneling  devices 
stems  from  the  fact  that  these  results  are  among  the  highest  oscillation  frequencies  and  the 
lowest  switching  times  reported  to  date  for  electronic  devices.  This  has  led  to  the  develop¬ 
ment  of  DBRTD  oscillators  for  the  terahertz  region  and  DBRTD  switches  for  signal  process¬ 
ing  and  digital  applications. 
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The  outline  of  this  chapter  is  as  follows.  Section  2  reviews  the  fundamental  physical 
characteristics  of  resonant  tunneling.  Section  3  deals  with  the  various  resonant-tunneling 
material  systems  and  the  dc  I-V  characteristics  obtained  from  DBRTDs  in  these  systems. 
These  include  HI-V  material  systems  having  type-I  band  offsets,  such  as  the  common 
GaAs/AlAs  (GaAs  quantum  well  and  AlAs  barriers);  those  having  type-II  offset,  such  as 
InAs/AlSb;  pseudomorphic  systems,  such  as  In^^Caj.^^As/AlAs;  and  colunm-IV  systems,  such 
as  SixGei_]i/Si.  Section  4  covers  some  of  the  key  issues  in  the  device  physics  such  as  the 
current  density,  charge  storage  in  the  quantum  well,  current  fluctuations,  and  excess  current 
mechanisms.  Section  5  analyzes  the  important  time-delay  mechanisms  operative  in  high¬ 
speed  diodes,  including  the  fundamental  RC  time,  resonant-tunneling  travental  time,  and  sem- 
iclassical  transit  time  across  the  depletion  region.  In  Sec.  6,  these  time  delays  are  combined 
to  yield  the  two  most  important  theoretical  measures  of  device  performance:  the  maximum 
oscillation  frequency  fni«  and  the  switching  risetime  tR.  Section  7  summarizes  some  of  the 
experimental  methods,  both  electronic  and  optoelectronic,  that  have  been  employed  to  charac¬ 
terize  the  speed  of  the  DBRTD.  Among  these  methpds  are  oscillator-frequency  measurement 
and  switching-time  measurement  by  electrooptic  sampling.  The  last  section  surveys  some 
promising  analog  and  digital  applications  of  DBRlDs.  Each  of  the  applications  utilizes  the 
DBRTD  as  an  independent  device.  The  chapter  does  not  address  the  integration  of  double¬ 
barrier  structures  into  transistors,  such  as  the  resonant-tunneling  bipolar  transistor,^  the 
resonant-tunneling  hot  electron  transistor,^  or  the  quantum-well  resonant-tunneling  transistor.^ 

12.  Historical  background 

In  a  sense  the  double-barrier  structure  represented  a  retreat  from  more  complicated 
multiple-barrier,  or  superlattice,  structures  that  initially  promised  new  electronic  functions, 
such  as  Bloch  oscillations,  but  did  not  perform  as  expected.^’ ^  The  first  realization  of  the 
double-barrier  structure  occurred  in  1974  with  the  observation  of  NDR  in  a  GaAs/AlGaAs 
DBRTD  at  low  temperatures.^  Following  this  pioneering  result,  most  of  the  work  in  heteros- 
tructuies  centered  around  the  development  of  molecular  beam  epitaxy  (MBE),  since  it  was 
clear  that  the  quality  of  the  materials  in  these  structures  would  have  to  be  improved  in  ord» 
to  observe  the  NDR  or  any  other  quantum-transport  effect  at  room  temperature.  The  primary 
structures  studied  during  this  time  were  single-  or  double-heterojunction  quantum  wells  rather 
than  resonant-tunneling  structures.  The  subsequent  improvements  in  materials  growth  led  to 
the  advent  of  two  very  important  devices:  the  heterojunction  diode  laser  and  the 


-  3- 


heterostructure  field-effect  transistor.  However,  the  resonant-tunneling  structure  went  rela¬ 
tively  unstudied  until  1983.  At  that  time,  a  cooled  GaAs/AlGaAs  double-barrier  structure  was 
used  to  rectify  2.5-THz  laser  radiation.^  This  pivotal  experiment  demonstrated  that  resonant 
tunneling  was  a  very  fast  process,  and  it  spurred  the  development  of  improved  materials. 
Within  three  years,  several  groups  had  achieved  a  large  room- temperature  NDR  effect,  first  in 
the  GaAs/Alo2sGao,75As  material  system,^  and  shortly  thereafter  in  the  GaAs/AlAs  sys¬ 
tem.^* 

In  the  ensuing  years,  the  research  has  branched  in  different  directions,  with  much  of  the 
effort  aimed  at  developing  new  material  systems  or  at  understanding  the  dynamic  characteris¬ 
tics  of  resonant  tunneling.  A  key  advance  in  material  systems  was  the  development  of 
indium-bearing  heterostructures,  as  discussed  in  Secs.  3.3  and  3.4.  The  research  on  the 
dynamic  characteristics  has  centered  around  a  set  of  oscillation  and  switching  experiments, 
described  in  Sec.  7,  and  around  the  quantum-transport  theory,  described  in  Chapter  9. 


2.  Physical  concepts  in  resonant  tunneling 
2.7.  Resonant-tunneling  characteristics 

The  fundamental  requirement  for  resonant  tunneling  in  any  structure  is  spatial  quantiza¬ 
tion.  This  entails  the  formation  of  quasibound  states  whose  energy  can  be  found  by  solving 
the  time-independent  SchitiKlinger  equation  for  the  structure.  As  an  example,  the  lowest  three 
quasibound  states  of  a  double-barrier  structure  are  depicted  in  Fig.  1.  Each  state  is  character¬ 
ized  by  a  quasibound  energy  Eg  and  a  lifetime  tg.  These  quantities  are  related  to  the  tunnel¬ 
ing  process  in  that  Eg  is  the  peak  of  the  transmission  probabilify  T*T  vs  longitudinal  energy 
E^  (the  energy  along  the  direction  perpendicular  to  the  barrier  layers),  tg  =  fi/Tg  where  Eg  is 
the  full  width  at  half-maximum  of  the  nth  peak  of  the  T*T  curve.  The  requirement  for  spatial 
quantization  is  Eg  >  K/t,,  where  x,  is  the  inelastic  scattering  time  for  an  electron  occupying 
the  nth  state.  In  the  limit  of  an  infinitely  deep  quantum  well  where 
Eg  =  (Kkg)2/2m*  =  (n7ilT)^/2m*L^,  this  inequality  becomes  t,  >  IhyfInnVg  =  ItJnK,  where 
Lvv  is  the  quantum-well  width,  Vg  =  Tikg/m*  is  the  group  velocity,  m*  is  the  effective  mass, 
and  t^v  is  the  semiclassical  quantum-well  traversal  time.  That  is,  spatial  quantization  requires 
that  the  electron  traverse  the  quantum  well  at  least  once  without  scattering. 
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Resonant  tunneling  is  also  characterized  by  the  relative  magnitudes  of  Xn  and  x,.  If 
Xq  <  X,,  the  resonant  tunneling  through  the  nth  state  is  said  to  be  coherent,  since  under  this 
condition  the  electron  d'  ■fis  not  scatter  during  the  process  and  thus  the  phase  of  the  wavefunc- 
tion  at  each  point  in  space  is  continuous  in  time.  If  x^  »  x,,  the  resonant  tunneling  is  said  to 
be  sequential.  In  this  case,  the  wavefiinction  is  partially  randomized  by  scattering  events  that 
occur  in  or  near  the  double-barrier  structure.  Thus,  resonant  tunneling  can  be  neatly  classified 
by  the  three  characteristic  times,  Xn,  and  Coherent  resonant  tunneling  satisfies 

Xn  <  X,  >  t^,  and  sequential  resonant  tunneling  satisfies  Xn  >  x,  >  V 

22.  Transnussion  probability 


Coherent  and  sequential  resonant  tunneling  can  be  analyzed  within  the  stationary-state 
formalism  of  quantum  mechanics.  One  can  represent  a  particle  incident  on  the  double-barrier 
structure  as  a  plane  wave  having  a  wavevector  kj  =  (2m*E2)'^/K  along  the  direction  (z)  per¬ 
pendicular  to  the  plane  of  the  barriers.  The  interaction  of  the  particle  with  the  double-barrier 
structure  is  described  entirely  by  the  transmission  probability  T*T(Ez).  In  the  situation  where 
the  energy  in  the  lateral  plane  is  conserved  throughout  the  resonant-tunneling  process,  only 
those  particles  having  nearly  equal  to  £„  can  traverse  the  structure  with  high  probability. 
For  these  particles  the  transmission  probability  is  well  approximated  by  the  following 
Lorentzian  form'^* 


T*T 


(Ez-E^^  +  r^M  ’ 


(2.1) 


where  and  are  the  partial-width,  or  transparency,  factors  for  the  left  and  right  barriers, 
respectively.  In  the  presence  of  certain  types  of  scattering,  this  exfHession  can  be  generalized 
to  the  form 


T*T  = 


FLfR 
*  n  *  n 

*  n  “  *  o 


Tt 

(Ez-E„)^  +  F.?/4  ’ 


(2.2) 


where  Fj  =  F^  F  *  -l-  Fj  ,  and  Fj  is  a  scattering  parameter.  In  this  case,  T*T  represents  the 
probability  for  an  electron  to  enter  the  structure  at  E^  and  to  exit  at  any  energy.  The  scatter¬ 
ing  causes  the  energy  of  the  particle  to  be  uncertain  after  entering  the  structure.  However,  the 


integrated  probability. 


|T*T(Ez)dE2>  is  independent 


of  Fs.  This  is  analogous  to  the  sum  rule 
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for  oscillator  strengths  in  the  quantum  theory  of  radiative  transitions.  Analytic  expressions 
have  been  derived  for  the  first-quasibound-state  partial  widths,  rf  and  rf-,  under  the  follow¬ 
ing  conditions:^^  (1)  the  potential  energy  is  everywhere  flat  except  for  the  step  discontinuities 
at  the  heterojunctions,  and  (2)  the  dispersion  relations  for  the  particle  are  parabolic  in  all 
regions,  including  the  barriers. 

In  many  practical  situations,  such  as  double-barrier  structures  under  large  bias,  the  ana¬ 
lytic  expressions  for  T*T  are  inadequate  and  one  must  rely  on  numerical  solutions.  Under  the 
condition  of  lateral  momentum  conservation,  one  solves  the  longitudinal  effective-mass 
Schrbdinger  equation, 

E(Pz/Ii)F(z)  +  V(z)F(2)  =  EF(z)  .  (2.3) 

where  Pz  is  the  longitudinal  momentum  operator,  E(Pz/IT)  is  the  energy-dispersion  functional, 
V(z)  is  the  electron  potential  energy  including  both  compositional  and  electrostatic  contribu¬ 
tions,  F(z)  is  the  envelope  function,  and  E  is  the  energy  eigenvalue.  Near  the  conduction- 
band  edge  of  any  semiconductor,  the  dispersion  relation  along  a  given  direction  of  momentum 
space  is  parabolic,  so  that  E(Pz/h)  =  Pz^ni*  where  m*  is  the  local  effective  mass.  In  this 
case,  Eq.  (2.3)  is  a  second-order  linear  differential  equation,  called  the  effective-mass  equa¬ 
tion,  that  is  solved  uniquely  by  applying  the  boundary  conditions  of  the  continuity  of  F  and 
the  continuity  of  the  electron  flux  (l/m*)dF/dz  at  each  heterojunction  in  the  structure.*^  T*T 
through  the  structure  is  obtained  by  connecting  the  solutions  across  the  heterojunctions  using 
the  transfer-matrix  technique.'^ 

If  the  particle  energy  is  not  near  a  band  edge  or  is  near  the  edge  of  degenerate  bands, 
then  the  effective-mass  equation  does  not  apply  straightforwardly.  The  common  approach  in 
this  case  is  to  employ  the  so-called  envelope-function  formalism.  The  tunneling  wavefunc- 
tion  is  represented  as  an  admixture  of  conduction-  and  valence-band  envelope  functions,  and 
the  dispersion  relations  are  everywhere  formulated  within  the  context  of  multiple  bands.  For 
example,  two-band  models  (T  electron  and  light  hole)  have  been  successful  in  describing 
energy  levels  in  type-II  band  structures  (defined  in  Sec.  4.1).^^  Two-band  models  have  also 
been  applied  in  tunneling  problems.  A  useful  simplification  of  this  formalism  for  electron 
tunneling  results  from  assuming  that  the  wavevectors  and  effective  masses  ate  everywhere 
determined  by  non  parabolic  dispersion,  but  that  the  wavefunction  has  only  a  conduction-band 
component  The  barrier  dispersion  is  determined  by  connecting  the  conduction  band  to  flie 
light-hole  band.^^  This  results  in  an  analytic  expression  of  E  vs  K  where  K  is  the  attenuation 
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cocfficient,  or  the  modulus,  of  the  imaginary  wavcvector.  Associated  with  this  expression  is  a 
branch  point  where  the  K  reaches  a  maximum  value  in  the  bandgap.  In  the  classically 
allowed  regions,  it  often  suffices  to  model  the  electron  dispersion  relation  by  the  expression 
obtained  from  two-band  k  p  perturbation  theory,*^  E(k)  =  (inc)^(l  -  Ak^)/2m*,  where  A  is  a 
constant  that  depends  on  the  band  structure. 

Some  questions  arise  regarding  the  validity  of  the  effective-mass  equation,  or  envelope- 
function  approximation,  in  problems  of  heterobarrier  tunneling.  It  is  often  asked,  for  example, 
how  effectively  a  heterojunction  couples  the  envelope  function  of  an  incident  electron  to  com¬ 
ponents  of  the  wavefunction  in  the  barrier  at  different  points  in  the  Brillouin  zone.  One  study 
of  this  issue  has  shown  that  when  the  barriers  are  sufficiently  thin,  the  coupling  is  weak.^ 
This  situation  applies  to  at  least  the  lower  end  of  the  range  of  barrier  thicknesses  used  in 
high-speed  DBRTDs,  which  is  approximately  1.0  to  5.0  nm.  Thus,  one  can  assume  that  the 
Brillouin-zone  symmetry  of  the  envelope  function  is  preserved  upon  tunneling  through  thin 
barriers.  Another  question  is  whether  or  not  it  is  valid  to  neglect  the  cell-periodic  part  of  the 
wavefunction  in  the  presence  of  the  abrupt  change  of  potential  at  a  heterojunction.  The 
answer  is  that  the  envelope  function  alone  is  adequate  if  it  varies  slowly  over  a  unit  cell.^^ 
This  is  generally  true  in  semiconductor  hetcrostructures,  where  the  electron  energy  usually  lies 
within  1  eV  or  so  of  the  closest  band  edge  and  thus  the  de  Broglie  wavelength  (i.e.,  the 
inverse  crystal  wavevector)  is  much  larger  than  a  unit  ceU. 

23.  Electrical  current  and  NDR 

The  electrical  current  through  the  first  quasibound  state  of  a  double-barrier  structure  is 
understood  from  the  diagram  given  in  Fig.  1.  As  the  bias  voltage  is  increased  from  zero,  the 
quasibound  level  in  the  quantum  well  drops  relative  to  the  band  edge  on  the  cathode  side. 
When  the  quasibound  level  approaches  alignment  with  the  quasi-Fermi  level  ]^,  the  electron 
current  begins  to  increase  rapidly.  This  rise  can  be  explained  in  terms  of  an  increase  in  the 
number  of  electrons  in  the  cathode  Fermi  sphere  that  have  Ejr  =  E|.^  The  current  eventually 
approaches  a  peak  near  the  voltage  that  aligns  the  quasibound  level  with  the  conduction  band 
edge  in  the  neutral  region  on  the  cathode  side.  This  is  the  bias  voltage  depicted  in  Fig.  1.  At 
higher  voltages  there  are  no  electrons  with  E2  =  Ej,  so  that  the  current  decreases  precipi¬ 
tously,  and  an  NDR  region  occurs.  This  NDR  region  is  the  basis  for  all  of  the  high-speed 
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oscillations  and  switching  observed  to  date  in  DBRTDs. 

The  quality  of  a  DBRTD  is  usually  given  by  the  peak  current  density  Jp  and  the  peak- 
to-valley  current  ratio,  PVCR  s  Ip/Iv,  where  Ip  and  ly  are  the  peak  and  valley  currents, 
respectively,  associated  with  the  NDR  region.  A  quantity  of  secondary  importance  is  the 
peak-to-valley  voltage  ratio  PWR  s  Vy/Vp,  where  Vy  and  Vp  are  the  valley  and  peak  vol¬ 
tages,  respectively.  For  high-speed  operation  the  current  density  should  be  relatively  large 
(Jp  >  IxlCJ*  A  cm"^)  for  the  same  reason  as  in  any  other  high-speed  electronic  device:  high 
current  density  is  required  for  fast  charging  and  discharging  of  the  device  and  circuit  capaci¬ 
tance.  The  relationship  between  current  density  and  device  speed  is  addressed  in  Sec.  6. 


3.  Resonant-tunneling  materials 
3.1.  Material-system  properties 

It  is  a  testament  to  the  resonant-tunneling  phenomenon  that  its  trademark,  the  NDR 
region,  has  been  observed  at  room  temperature  in  several  different  material  systems  under  a 
variety  of  crystalline  conditions.  In  this  section  the  constitutive  properties  of  these  material 
systems  are  summarized.  One  such  property  is  the  nature  of  the  band  alignment  that  occurs  at 
a  heterojunction  between  two  materials  of  different  bandgap.  The  well-known  type-I  align¬ 
ment  is  one  in  which  the  bandgap  of  the  narrower  gap  material  is  contained  entirely  within 
the  bandgap  of  the  other  on  an  energy  diagram.  In  type-II  alignments,  the  bandgap  of  the 
narrower-gap  material  does  not  overlap  the  gap  of  the  other  material  at  all,  and  usually  lies 
well  below  it  In  type-II-staggeted  systems,  the  bandgap  of  the  narrower-gap  material  inter¬ 
sects  the  wider  gap  partially,  usually  in  the  bottom  portion  of  the  wider  bandgap.  Thus  the 
wider-gap  material  appears  as  a  barrier  to  electrons  but  a  well  to  holes.  Indq)endent  of  band 
alignment,  each  of  the  systems  is  designated  by  A/B,  where  A  and  B  are  the  two  constituent 
materials,  and  B  is  the  material  with  the  wider  bandgap. 

A  second  constitutive  property  is  the  crystalline  state  of  the  semiconductor  layers  in  and 
around  the  double-barrier  structure.  In  the  most  desirable  case,  all  layers  are  lattice  matched 
to  the  substrate  material.  One  variation  is  to  lattice  match  the  quantum  well  and  cladding 
layers  but  use  lattice-mismatched  barriers.  If  they  are  suitably  thin,  the  lattice  constant  of  the 
barriers  will  conform  to  that  of  the  cladding  layers,  creating  what  is  called  a  pseudomorphic 
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match.  Another  variation  is  to  lattice  match  the  barriers  but  mismatch  all  or  part  of  the  quan¬ 
tum  well,  or  some  part  of  the  cladding  layers.  Again,  if  the  mismatched  layer  is  kept  suitably 
thin,  a  pseudomorphic  match  results.  Finally,  one  can  mismatch  all  of  the  cladding  material 
and,  possibly,  the  barrier  material  with  respect  to  the  substrate,  creating  what  is  called  a 
lattice-mismatched  structure. 

The  diversity  introduced  by  the  different  resonant-tunneling  material  systems  is 
exemplified  in  Fig.  2,  which  shows  the  theoretical  first-quasibound-state  electron  lifetime, 
=  h/Ti,  as  a  function  of  barrier  thickness  for  a  fixed  quantum-well  thickness  of  4.6  nm. 
Non-parabolic  effects  are  included.  All  of  the  materials  represented  in  Hg.  2  have  type-I 
band  offsets  except  InAs/AlSb,  which  is  type  n  staggered.  The  important  aspect  of  this  plot 
is  the  broad  range  of  lifetimes  offered  by  different  material  systems  at  a  given  barrier  thick¬ 
ness.  This  is  a  result  of  the  strong  dependence  of  the  lifetime  on  the  barrier  attenuation 
coefficient,  t  =  H/ri  «  expCKL^),  where  Lg  is  the  barrier  thickness.  The  difference  in  K 
between  the  material  systems  arises  from  differences  in  the  band  gap  or  band  alignment  For 
example,  the  smaller  lifetimes  of  the  GaAs/Alo.42GaojgAs  structure  compared  to  those  of  the 
GaAs/AlAs  structure  are  caused  primarily  by  the  smaller  bandgap,  and  hence  barrier  height,  of 
the  Alo  42Gao.s8As.  In  contrast,  the  much  smaller  lifetimes  of  the  InAs/AlSb  structure  com¬ 
pared  to  the  InAs/AlAs  structure  are  caused  by  the  type-II-staggered  band  alignment  of 
InAs/AlSb,  which  is  discussed  in  Sec.  3.4. 

32.  GaAs-based  structures 

The  GaAs  quantum  well  with  Al^^Ga^.^As  barriers  is  the  most  venerable  of  the  resonant¬ 
tunneling  material  systems,  since  it  was  the  first  system  to  yield  an  NDR  effect  at  low  tem¬ 
peratures^  and  at  room  temperature.^  With  x  =  0.4,  this  system  provides  usefiil  PVCR  at 
values  of  Jp  up  to  about  1x10^  A  cm~^^^  At  higher  values  of  Jp  the  PVCR  is  usually 
degraded  by  large  thermionic  current  over  the  top  of  the  barriers.  Consequently,  much  better 
PVCR  at  high  Jp  is  obtained  from  GaAs/AlAs  structures.  In  GaAs/AlAs  DBRTDs  having  Jp 
in  the  range  from  10^  to  10^  A  cmT^,  the  best  observed  room-temperature  PVCRs  are  about  4. 
Above  this  range,  the  PVCR  degrades  significantly.  For  example,  PVCRs  1.4  and  2.5  have 
been  achieved  in  DBRTDs  having  Jp  of  1.5x10^  A  cm"^,^  and  1.3x10*  A  cm~^,^  respec¬ 
tively.  The  best  reported  PVCR  with  Jp  >  10*  A  cm~*  is  3.0  at  Jp  =  1.2x10*  A  cm"^.^^  This 
degradation  is  a  drawback  of  GaAs/AlAs  DBRTDs  for  high-speed  applications,  which  usually 
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rcquire  Jp  ^  10®  A  cm"*.  The  J-V  curve  of  a  high-Jp  GaAs/AlAs  DBRTD  is  shown  in  Fig.  3 
in  comparison  with  the  curves  for  DBRTDs  made  from  alternative  material  systems. 

Several  clever  structures  have  been  implemented  to  imfHOve  the  PVCR  of  lattice- 
matched  GaAs  DBRTDs,  at  least  at  low  current  densities.  For  example,  anode-  and  cathode- 
side  AlAs  barriers  have  been  grown  with  Alj^Ga^.^^As  layers  just  outside  to  form  "chair  bar¬ 
riers."*^  This  has  resulted  in  a  DBRTD  having  a  PVCR  of  6.3  at  room  temperature.**  Another 
structure  contained  an  In^Ga^.j^As  layer  either  as  a  pre-well  on  the  cathode  side,*^  or  in  place 
of  the  GaAs  quantum  welL^^  An  improved  PVCR  resulted  in  both  cases. 

33.  InQi^-fiaQ^-jAs-based  structures 

The  first  DBRTDs  fabricated  in  a  system  other  than  GaAs/Al,Gai_xAs  were  made  from 
the  InQ33Gao47As/Ino32M).48As  system.^  ^  Both  of  these  ternary  alloys  are  lattice  matched  to 
InP  substrates.  The  initial  Ino53Gao.47As/Ino32Alo.48As  DBRTDs  yielded  a  PVCR  of  2.3  at 
room  temperature.  This  was  subsequently  improved  to  about  7  at  room  temperature  and  40  at 
77  K.^*'^^  Shortly  thereafter,  superior  results  were  obtained  by  replacing  the  Ino  52A]o4gAs 
barriers  with  AlAs,  which  in  the  relaxed  state  has  a  3.5%  smaller  lattice  constant  than 
Ino.53Gao^7As.  In  spite  of  this  mismatch,  the  AlAs  is  pseudomorphic  if  the  barrier  thickness 
is  limited  to  approximately  3.0  nm  or  less.  The  resulting  DBRTDs  yielded  unprecedented 
PVCRs  of  14  at  room  temperature.^  Further  improvement  followed  with  the  achievement  of 
a  PVCR  of  30  at  room  temperature  in  a  DBRTD  having  a  thin  InAs  layer  embedded  in  the 
Ino  53Gao.47As  quantum  well,^^ 

A  second  Ino33Gao^7As-based  system  of  interest  contains  GaAs  rather  than  AlAs  bar¬ 
riers.  Because  of  its  low  electronic  and  light-hole  elective  masses,  the  GaAs  barrier  has  a 
maximum  attenuation  coefficient  in  the  gap  that  is  about  a  factor-of-two  smaller.  However, 
the  bandgap  difference  between  the  constituent  matmials  is  small,  so  that  a  low  barrior  height 
(-0.3  eV)  is  obtained.  Consequently,  the  NDR  region  is  observed  only  at  77  K  or  Iowa* 
operating  temperatures.^® 

A  third  Ino33Gao47As-based  DBRTD  has  been  fabricated  with  InP  barriers  by  low- 
pressure  metalloiganic  chemical  vapor  deposition  (MOCVD).^*  The  structure  contained  a  10- 
nm-thick  Inoj3Gao.47As  quantum  well  and  10-nm-thick  InP  barriers.  It  displayed  a  77-K 
PVCR  of  1.2  for  resonant  tunneling  through  the  first  quasibound  level  and  a  PVCR  of  3.0 
through  the  second  level.  Although  these  results  are  inferior  to  those  discussed  above,  the 


-  10- 


thick  barriers  of  the  lno53Gao.47As/InP  sample  probably  hindered  the  performance  greatly,  just 
as  they  do  in  other  material  systems.  This  DBRTD  with  much  thinner  InP  barriers  could  ulti¬ 
mately  provide  competitive  performance  with  the  other  Ino^3Gao  47As-based  DBRTDs,  since  it 
has  the  advantage  over  Ino33Gao.47As/AlAs  of  lattice  matching  and  the  advantage  over 
Ino.53Gao.47As/Ino32Alo.4gAs  of  no  alloy  scattering  in  the  barriers. 

3.4.  InAs-based  structures 

High-quality  DBRTDs  have  recently  been  fabricated  from  the  InAs/AlSb  material  sys¬ 
tem,  whose  band  offset  is  shown  in  Fig.  4.  This  is  a  type-II-staggered  offset  in  which  the 
valence-band  edge  of  the  AlSb  lines  up  in  the  band  gap  of  the  InAs.  Consequently,  an  elec¬ 
tron  tunnels  into  the  AlSb  from  the  InAs  at  an  energy  well  below  the  branch  point,  and  K  is 
approximately  0.6  times  the  maximum  value.  In  contrast,  an  electron  tunnels  into  a  type-I 
offset  barrier,  such  as  the  AlAs  barrier  depicted  in  Fig.  4,  much  closer  to  the  branch  point. 
Since  Fj  and  Jp  both  depend  on  this  attenuation  coefBcient  roughly  as  expC-KL^),  the 
difference  in  K  corresponds  to  a  difference  of  approximately  five  times  in  Jp  at  die  typical 
barrier  thickness  of  1.5  nm.  The  superior  current  capability  of  the  InAs/AlSb  stracture  is 
displayed  in  Fig.  3.  The  J-V  curve  was  obtained  on  a  diode  having  1.5-nm-thick  AlSb  bar¬ 
riers  and  a  6.4-nm-thick  InAs  quantum  well.^*  The  measured  values  of  Jp  =  3.7x10*  A  cm~^ 
and  AJ  =  2x10*  A  cm~^  are  comparable  to  the  best  results  achieved  in  the  Ino33Gao.47As/AlAs 
system,  and  are  considerably  better  than  those  of  GaAs/AlAs  DBRTDs. 

In  addition  to  the  superior  current  density,  the  InAs-based  material  systems  have  two 
advantages  over  GaAs-based  material  systems  frur  high-speed  device  performance.^  First, 
electrons  will  drift  across  a  given  depletion  lay^  in  InAs  much  more  rapidly  than  in  GaAs 
provided  that  this  layer  is  sufficiently  thin  Cg  0.1  lun)  ot  the  voltage  drop  is  sufficiently  small 
that  there  is  little  probability  of  impact  ionization.^^  The  higher  drift  velocities  compared  with 
GaAs  are  due  to  the  weaker  electron  LO-phonon  interaction  strength  in  InAs  and  the  much 
larger  separation  in  energy  between  the  conduction-band  edge  and  the  first  upper  valley.  A 
short  depletion-layer  transit  time  is  necessary  to  maximize  the  device  speed,  as  discussed  in 
Sec.  5.  A  second  advantage  is  that  InAs  DBRTDs  have  a  significantly  lower  series  resistance 
Rg.  This  stems  primarily  from  the  ultra  low  specific  resistance  R^  of  ohmic  contacts  to  InAs. 
Values  of  Rc  as  low  as  SxlO~*  D  cm^  have  been  measured  by  transmission-line  model  meas¬ 
urements  made  on  non-alloyed  InAs  ohmic  contacts.^  The  Rs  is  further  reduced  by  the 
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higher  mobility  of  electrons  in  InAs  than  in  GaAs  at  all  practical  n-type  doping  concentra¬ 
tions.  Each  of  these  advantages  of  InAs  relative  to  GaAs  also  applies  to  a  lesser  extent  in 
comparing  Inoj3GaQ  47AS  to  GaAs. 

i  J.  GaSb  and  InSb  structures 

A  type-n  DBRTD  is  obtained  by  replacing  the  InAs  quantum  well  in  the  above  structure 
by  GaSb.  This  is  the  basis  for  a  type  of  resonant  tunneling  through  quasibound  levels  in  the 
valence  band,  which  is  called  resonant  interband  tunneling  (RTT).^*  The  RTF  structure  has 
demonstrated  a  very  high  PVCR  of  approximately  20  at  room  temperature.  A  complementary 
structure  having  an  InAs  quantum  well  and  GaSb  cladding  layers  has  also  been  demon¬ 
strated.^^  Unfortunately,  in  both  types  of  structures  the  peak  current  density  is  not  yet 
sufficient  to  be  useful  in  high-speed  circuits.  However,  the  type-II  alignment  between  GaSb 
and  InAs  allows  for  new  types  of  vertical  transistor  structures.^* 

Very  recently  a  DBRTD  has  been  fabricated  in  the  InSb/InAlSb  system.^  The  PVCRs 
measured  at  room  temperature  and  77  K  were  1.4  and  3.9,  respectively.  The  appeal  of  this 
material  system  is  that  InSb  has  the  excellent  transport  properties  of  very  low  electronic 
effective  mass  (m*  =  0.0139mo)  and  high  mobility  resulting  from  a  low  electron-phonon 
scattering  cross  section.  A  disadvantage  is  the  narrow  bandgap  (Eq  =  0.16  eV  at  T  =  300  K), 
which  magnifies  the  effects  of  impact  ionization  and  Zener  (i.e.,  cross-gap)  tunneling. 

3.6.  Column-IV  material  systems 

In  the  preceding  sections,  the  material  systems  have  consisted  of  some  combination  of 
column-m  (Ga,  Al,  or  In)  and  column-V  (As,  Sb,  or  P)  constituent  materials.  All  high-speed 
DBRTDs  have  been  made  firom  one  of  these  combinatimis.  However,  because  of  the  success 
and  pervasiveness  of  silicon  in  electronic  devices,  efforts  have  been  expended  to  develop  Si- 
based  resonant-tunneling  structures.  The  most  studied  material  systems  are  Si^Gei.x/Si  and 
Si/SiC.  Although  the  band  alignment  in  SijiGe|_,/Si  is  type  I,  most  of  the  bandgap  difference 
appears  in  the  valence  band  of  the  SiGe.  This  results  in  a  Si  barrier  in  SiGe  that  is  too  small 
to  allow  strong  electrtmic  resonant  tunneling.  Therefore,  researchers  have  studied  hole 
resonant  tunneling.^^*^*  The  best  result  reported  to  date  is  a  PVCR  of  2.0  at  77  NDR 
has  not  yet  been  observed  at  room  temperature.  The  relatively  poor  perfmmance  of 
SixGei_x/Si  DBRTDs  is  apparently  not  caused  by  lattice  mismatch,  but  instead  is  the 
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consequence  of  the  undesirable  transmission  characteristics  associated  with  resonant  tunneling 
through  quasibound  levels  in  the  valence  band  The  mixing  that  occurs  between  the  light-  and 
heavy-hole  subbands  smears  out  the  transmission  probability  such  that  the  ground  state  reso¬ 
nance  is  not  well  isolated  from  the  next  higher  resonance,  and  hence  the  PVCR  is  degraded. 

The  Si/SiC  system  alleviates  the  difficulties  of  SiGe/Si  by  offering  a  much  larger 
conduction-band  offset  and  thus  the  possibility  of  strong  electronic  resonant  tunneling.^ 
Unfortunately,  the  poor  crystalline  quality  of  epitaxial  SiC  has  precluded  good  experimental 
results.  However,  if  SiC  epitaxial  growth  techniques  were  to  advance  significantly,  Si/SiC 
could  become  the  material  system  of  choice,  particularly  for  applications  of  DBRTDs  in 
large-scale  Si  integrated  circuits. 


4.  DBRTD  device  physics 
4.1.  Band  bending  and  diode  capacitance 

An  external  bias  voltage  applied  across  a  DBRTD  modifies  the  equilibrium  band  profile 
in  the  active  region.  In  order  to  analyze  the  current  density,  one  must  deteimine  the  modified 
band  profile,  or  band  bending,  to  a  satisfactory  degree  of  accuracy.  A  first  estimate  is 
obtained  by  modeling  the  device  as  a  semiconductor-insulator-semiconductor  (SIS)  diode. 
Unless  the  current  density  is  very  high,  one  can  then  assume  that  the  diode  is  in  a  condition 
of  quasi-equilibrium.  Under  this  condition,  the  electron  concentration  on  each  side  is  charac¬ 
terized  by  a  uniform  quasi-Fermi  level  [i.e.,  E|  on  the  cathode  (or  emitter)  side  and  Ep  on  the 
anode  (or  collector)  side],  as  shown  in  Fig.  1.  The  band  bending  is  obtained  by  solving 
Poisson’s  equation  on  each  side  and  connecting  the  solutions  with  a  uniform  field  across  the 
double-barrier  structure.  Shown  in  Fig.  S  is  die  band  bending  obtained  by  this  method  for  a 
DBRTD  containing  5.0-nm-thick  Alo42Ga()jgAs  barriers,  a  S.O-nm-thick  GaAs  quantum  well, 
and  SO-nm-thick  lighdy  doped  spacer  layers  on  either  side. 

The  capacitance  of  the  DBRTD  in  this  model  is  what  one  expects  from  an  analogous  SIS 
diode.  That  is,  C  =  eA(LD  +  Lw  +  2Lb  +  L^)"*,  where  A  is  the  area,  Ld  is  the  width  of  the 
depletion  region,  and  is  the  width  of  the  accumulation  region  (i.e.,  the  distance  over  which 
band  bending  occurs)  on  the  cathode  side.  For  the  device  in  Fig.  5,  Ld  =  60  nm,  Lw  +  2Lb  = 
15  nm,  and  =  25  nm,  leading  to  C7A  =  1.1  fF  jun“^.  This  is  a  typical  specific  capacitance 
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for  high-speed  DBRTDs,  and  is  considerably  lower  than  that  of  most  other  tunneling  devices 
such  as  p-n  (Esaki)  diodes  or  Josephson-juncdon  devices.  The  latter  two  devices  require 
degenerate  electron  concentrations  on  both  sides  of  the  junction  in  <xder  to  achieve  high 
current  densities.  In  that  case  both  Lq  and  are  roughly  equal  to  10  nm,  and  the  specific 
capacitance  is  roughly  five  times  that  of  the  DBRTD. 

A  more  accurate  estimate  of  the  band  bending  maintains  the  assumption  of  quasi¬ 
equilibrium  in  the  cladding  layers  but  accounts  for  at  least  one  of  the  following  effects:  (1) 
spatial  quantization  in  the  accumulation  layer,  or  (2)  charge  storage  in  the  quantum  well.  To 
properly  deal  with  the  first  effect,  one  must  cany  out  self-consistent  calculations  of  the  Pois¬ 
son  and  Schrbdinger  equations  such  as  those  discussed  in  Chapter  1.  Such  calculations  made 
on  DBRTDs  indicate  that  the  electron  states  in  the  accumulation  layer  consist  of  a  continuum 
at  energies  above  the  neutral  band  edge  on  the  cathode  side  and  quasibound  states  at  lower 
energies.^^  In  the  majority  of  DBRTD  structures,  the  binding  energy  of  the  lowest  quasibound 
state  (relative  to  the  neutral  band  edge)  is  only  a  small  fraction  of  the  total  potential  drop 
across  the  accumulation  layer,  The  presence  of  these  quasibound  levels  has  been  corre¬ 
lated  experimentally  with  undulations  in  the  I-V  curve  at  voltages  below  the  first  peak.^^  The 
charge  storage  in  the  quantum  well  can  have  a  profound  effect  on  the  I-V  curve  and  is 
addressed  in  Sec.  4.3. 


42.  Current  density 


The  current  density  J  is  estimated  quantitatively  by  employing  the  well-known 
stationary-state  transport  model  in  which  the  traversal  through  the  double-barrier  structure  is 
analyzed  by  the  stationary-state  formulation  discussed  in  Sec.  2.2,  and  the  transport  in  the 
cladding  layers  is  analyzed  with  semiclassical  theory The  magnitude  of  J  in  a  given  longi¬ 
tudinal  energy  interval  is  thus  the  product  of  the  density  of  electixms  incident,  the  group  velo¬ 
city,  and  the  transmission  probability  in  this  interval.  The  magnitude  of  current  density  is  the 
difference  between  the  left-hand-going  and  right-hand-going  fluxes,  integrated  over  all 
energy,*^ 


J  =  pkT|dEz 


T*T  log 


1  +  exp(Ep4eVy^-E2)/kT 


1  +  expfEp+eVy^— cVy— E2)/kT 


(4.1) 
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whcrc  P  =  cm*/27i%^,  and  Vj  is  the  total  applied  voltage  across  the  device  defined  in  Fig.  1. 
It  is  useful  to  evaluate  this  integral  in  conjunction  with  the  Breit-Wigner  form  for  T^T  in  Sec. 
2.1.  When  the  temperature  is  low  enough  that  the  Fermi  distribution  on  the  cathode  side  is 
degenerate  and  the  bias  voltage  is  high  enough  that  the  anode-to-cathode  current  can  be 
ignored,  one  obtains 


J  = 
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where  Ep  peak  energy  of  T*T  relative  to  the  conduction  band  edge  on  the  cathode  side.  The 
minimum  limit  of  integration  has  been  taken  as  based  on  the  assumption  that  a  negligible 
fraction  of  the  electrons  occupy  spatially  quantized  states  in  the  accumulation  layer.  In 
DBRTDs  containing  thin  barriers,  the  major  effect  of  the  bias  voltage  on  TT  is  to  displace 
Ep  downward  relative  to  the  band  edge  on  the  cathode  side.  At  low  bias  voltages  satisfying 
El  +  cVa  <  Ep,  both  tan"*  factors  are  approximately  -nJ2,  and  the  current  is  cathode-to-anode 
current  is  determined  largely  by  the  second  term  (with  the  logarithmic  factor).  At  bias  vol¬ 
tages  satisfying  eV^^  <  Ep  <  eVy^  +  Ep,  the  two  tan"*  factors  sum  to  approximately  n  and  the 
second  term  (with  the  logarithmic  factor)  is  negligible  provided  that  Ep  >  r-p.  Fr''m  the  pre- 
factor  for  the  first  term,  the  current  increases  monotonically  with  bias  voltage  in  this  range  up 
to  the  point  eVy^  =  Ep  where  the  second  tan"*  factor  changes  sign  to  positive.  For  just  a  small 
variation  in  bias  voltage  about  this  point,  the  two  tan"*  terms  go  from  n  to  0.  This  rapid 
change  defines  the  precipitous  drop  in  current  associated  with  the  NDR  region.  For  a  bias 
voltage  slightly  less  than  that  yielding  eVy^  =  the  current  density  reaches  its  peak  value. 
Under  the  condition  E^  >  r-p,  one  finds  Jp  =  2«pri'r|*Ep/ri.  The  fact  that  Fj  does  not 
appear  in  this  expression  illustrates  the  important  point  that  Jp  is  independent  of  scattering 
processes  in  the  double-barrier  structure  that  can  be  represented  by  the  Breit-Wigner  formal¬ 
ism  and  are  weak  enough  to  satisfy  Ep  »  Fs.  This  conclusion  was  first  drawn  by  Weil  and 
Vinter  in  the  case  of  sequential  resonant  tunneling,^ 

Figure  6  compares  the  theoretical  and  experimental  current  density  for  one  of  the  best 
DBRTDs  (in  terms  of  room-temperature  PVCH)  fabricated  in  the  GaAs/AlGaAs  material 
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system.  It  is  the  same  diode  whose  band  bending  appears  in  Fig.  5.  The  peak  currents  agree 
within  a  factor  of  two,  but  the  valley  currents  differ  by  about  a  factor  of  100.  The 
discrepancy  in  valley  currents  reflects  the  predominance  of  excess-current  mechanisms  not 
addressed  by  the  stationary-state  model.  Several  of  these  mechanisms  are  discussed  in  Sec. 
4.5.  Another  experimental  aspect  not  explained  by  the  model  is  the  small  undulation  in  the 
experimental  I-V  curve  at  approximately  0.3  V.  This  is  an  indicator  of  quantum-size  effects 
in  the  accumulation  layer  on  the  cathode  side.  The  distorted  nature  of  the  experimental  I-V 
curve  in  the  NDR  region  is  attributed  to  the  rectification  by  the  DBRTD  of  its  own  electrical 
oscillations  with  the  measurement  circuit  The  rectification  results  in  a  hysteresis  loop  in  the 
I-V  curve  (denoted  by  arrows  in  Fig.  6),  which  is  known  as  extrinsic  bistability}^ 

Although  there  are  several  shortcomings  with  the  stationary-state  model,  the  fact  remains 
that  in  high-quality  structures  it  does  a  good  job  of  predicting  Jp.  Thus,  it  is  useful  in  design¬ 
ing  DBRTDs  for  high-speed  applications,  where  Jp  is  one  of  the  most  important  device 
specifications. 


43.  Quantum-well  charge  storage 

Like  any  quasi-two-dimensional  system,  the  double-barrier  structure  can  harbor  mobile 
sheet  charge.  Intuitively,  one  expects  that  the  sheet  charge  density  is  proportional  to  the 
product  of  the  current  density  and  the  lifetime  (i.e.,  =  Jt).  Detailed  treatments  of  this 

effect  in  the  sequential^®  and  coherent®^  limits  have  resulted  in  the  following  expression  for 
Oy,  in  the  first  quasibound  level: 


An  important  assumption  made  in  deriving  this  expression  is  that  the  escape  of  an  electron 
from  the  quantum  well  to  the  cathode  side  is  prohibited  by  Pauli  exclusion  of  occupied  states 
on  that  side.  Thus  one  expects  the  expression  for  to  be  most  applicable  at  low  tempera¬ 
tures  where  the  charge  in  the  well  is  fed  only  by  electron  states  on  the  cathode  side  that  have 
a  Fermi  occupancy  factor  near  unity. 

An  important  effect  of  the  sheet  charge  is  to  alter  the  electrostatic  potential  across  the 
double-barrier  structure  from  the  linear  form  assumed  in  Secs.  4.1  and  4.2.  The  altered  poten¬ 
tial  modulates  the  resonant-tunneling  current  because  of  the  strong  dependence  of  this  current 
on  the  position  of  the  quasibound  level  in  the  well.  Because  the  sheet  charge  is  proportional 
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to  the  cunent  density  by  Eq.  (4.3),  the  net  current  density  becomes  self-dependent  This 
mechanism  is  known  as  electrostatic  feedback.^’^^  Shown  in  Fig.  7  are  I-V  curves  for  a  typi¬ 
cal  double-barrier  structure  computed  by  demanding  self-consistency  between  Eqs.  (4.2)  and 
(4.3).  With  Fs  set  equal  to  zero,  the  current  is  multiple  valued  between  the  peak  and  valley 
voltages,  an  effect  known  as  intrinsic  bistability.^  This  effect  has  not  been  observed  unambi¬ 
guously  in  any  double-barrier  structures  containing  symmetric  barriers  (Le.,  the  same  barrier 
materials  and  thicknesses).  Instead,  such  structures  typically  display  extrinsic  bistability  as 
defined  in  Sec.  4.2.  Intrinsic  bistability  has  been  observed  clearly  only  in  a  highly  asym¬ 
metric  structure  biased  so  that  the  more  transparent  barrier  is  adjacent  to  the  cathode  (i.e., 

Oie  possible  reason  for  the  lack  of  experimental  intrinsic  bistability  is  the  broadening  of 
T*T  by  scattering.  This  effect  can  be  modeled  by  making  Fg  non-zero  in  the  self-consistent 
I-V  calculations.  For  example,  when  Fs  =  4.0  meV,  the  bistability  in  Fig.  7  disappears.  At  a 
much  larger  Fs  of  20  meV,  which  is  approaching  Ep  in  the  device  of  Fig.  7,  the  peak  current 
decreases  and  the  peak  region  broadens.  A  Fs  of  4  meV  is  consistent  with  the  results  of  a 
recent  experimental  study  on  a  variety  of  double-barrier  structures.^*  Another  reason  for  the 
lack  of  bistability  may  be  quantum-size  effects  in  the  accumulation  layer.  Self-consistent  cal¬ 
culations  of  the  I-V  curve  in  symmetric  DBRTDs  generally  do  not  display  intrinsic  bistability 
if  spatial  quantization  is  accounted  for  in  both  the  quantum  well  and  accumulation  layer.^^ 

4.4.  Current  fluctuations 

As  in  all  electronic  devices,  the  fluctuations  of  current  in  DBRTDs  arise  from  fluctua¬ 
tions  in  the  population  of  electronic  states  or,  equivalently,  fluctuations  in  the  energy  and 
momentum  of  electrons  in  specific  regions  of  the  device.  These  fluctuations  give  rise  to 
electrical  noise  in  either  the  current  or  voltage  at  the  terminals  of  the  device,  and  are  impor¬ 
tant  in  DBRTE>s  for  the  following  reasons.  First,  in  a  practical  sense  the  electrical  noise  sets 
the  limit  on  the  peformance  of  the  DBRTD  in  certain  device  applications  such  as  oscillators. 
Second,  the  measured  noise  can  reflect  underlying  physical  processes  that  are  difficult  to 
detect  by  other  experimental  techniques. 

The  current  fluctuations  in  a  DBRTD  are  quantified  in  the  standard  way  by  a  power 
spectrum  Si(0,  which  represents  the  mean-square  current  measured  per  hertz  of  bandwidth  by 
an  ideal  current  meter  connected  across  the  terminals  of  the  device.  At  low  frequencies,  the 
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power  spectrum  has  a  1/f-type  behavior  arising  from  a  number  of  mechanisms,  such  as  trap 
states  in  the  barriers.  Well  above  the  1/f  knee  and  up  to  frequencies  approaching  the  speed 
limits  of  the  device,  the  current  fluctuations  are  dominated  by  thermal  and  shot-noise  mechan¬ 
isms.  The  thermal  noise  is  dominant  when  little  or  no  bias  voltage  is  applied,  so  that  the  dev¬ 
ice  is  near  thermal  equilibrium.  The  shot  noise  dominates  at  high  bias  voltages,  where  the 
current  is  large  and  is  limited  by  the  double-barrier  structure.  The  shot-noise  power  spectrum 
measured  between  the  anode  and  cathode  contacts  is  expressed  by  Sj  =  2ytl,  where  y  is  the 
shot-noise  factor.^  For  devices  containing  single  barriers  whose  transmission  properties  do 
not  depend  on  the  current  density  (e.g.,  p-n,  Schottky,  and  single-heterobarrier  diodes),  it  is 
generally  found  that  y  =  1.0.  The  DBRTD  can  display  deviations  from  y  =  1.0  because  T*T 
is  a  function  of  the  current  through  the  electrostatic  feedback  mechanism. 

To  model  the  shot-noise  mechanism  in  DBRTDs,  one  supposes  that  the  total  current 
arises  from  a  superposition  of  electron  fluxes  incident  on  the  double-barrier  structure  in  all 
longitudinal  energy  intervals.  Fluctuations  occur  in  each  flux  because  of  thermalizadon 
processes  on  the  cathode  side.  These  fluctuations  have  two  effects  on  the  total  current  First 
they  contribute  directly  to  a  fluctuation  in  the  transmitted  flux  on  the  anode  side.  Second, 
they  vary  the  charge  in  the  quantum  well,  which  alters  the  energy  of  the  quasibound  state 
electrostatically.  This  process  modulates  the  transmission  in  other  energy  intervals,  thereby 
decreasing  or  increasing  the  current  in  those  intervals.  A  detailed  calculation  of  the  shot-noise 
factor  based  on  these  consideratons  has  been  carried  out  in  the  limit  of  degenerate  Fermi 
statistics  on  the  cathode  side.^^  The  theoretical  results  are  shown  in  Fig.  8  for  the  same 
DBRTD  as  in  Figs.  5  and  6.  At  bias  voltages  below  the  current  peak,  the  shot  noise  is 
suppressed,  the  y  being  roughly  0.3.  At  the  peak  voltage,  y  crosses  unity  and  stays  greater 
than  1.0  throughout  the  NDR  region,  representing  shot-noise  enhancement  Both  of  these 
predictions  are  in  good  agreement  with  the  experimental  results  described  in  Sec.  7. 

4J.  Excess  current 

Excess  current  is  defined  as  the  current  measured  through  the  RTD,  at  the  valley  point 
and  beyond,  that  is  not  explained  by  elastic  tunneling  theory.  It  does  not  include  the  poten¬ 
tially  large  elastic  current  components  that  pass  through  the  double-barrier  structure  at  upper 
quasibound  levels  or  thermionically  over  the  tops  of  the  barriers.  The  latter  two  components 
are  properly  predicted  by  the  coherent  theory,  Eq.  (4.1),  provided  that  an  accurate  form  of  the 
transmission  probability  is  obtained  for  all  longitudinal  energies. 
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One  of  the  most  important  sources  of  excess  current  in  RTDs  is  transport  associated  with 
upper  valleys,  particularly  the  X-valley  in  AlAs  barriers.  Early  on,  the  vast  superiority  of  the 
Ino53Gao.47As/AlAs  diodes  over  GaAs/AlAs  diodes  was  attributed  in  large  part  to  the  larger 
energy  separation,  -  0.65  eV,  between  the  F  conduction-band  minimum  in  the  Ino^3Gao.47As 
and  the  X  conduction-band  minimum  in  the  AlAs  barrier.^  In  contrast,  this  separation  is 
estimated  to  be  0.13  eV  in  the  GaAs/ALAs  system,  and  has  been  experimentally  conelated  to 
the  excess  valley  current  in  these  devices  through  hydrostatic  pressure  experiments.^ 

The  X-valley-related  excess  current  in  both  single-  and  double-barrier  structures  has  been 
studied  theoretically  by  a  number  of  techniques  including  Fowler-Nordheim  models,^^ 
transfer-matrix  techniques,®  pseudopotential  methods,®  and  empirical  tight-binding  formal¬ 
isms.^®  Although  there  is  not  a  consensus,  a  commonly  described  transport  mechanism  in 
double-barrier  structures  is  one  whereby  the  incident  F  electron  transfers  to  X  at  the  first 
heterojunction,  maintains  an  X  character  throughout  the  double-barrier  structure,  and  subse¬ 
quently  transfers  from  X  back  to  F  at  the  last  heterojunction.  The  materials  having  a  large 
F-X  offset  gready  suppress  this  mechanism  by  making  the  initial  and  final  F-X  transfers 
much  less  probable. 

Another  important  source  of  excess  current,  inherent  to  all  RTD  materials,  is  LO-phonon 
scattering.  In  the  sequential  picture,  this  scattering  allows  electrons  to  transfer  from  the 
cathode  side  into  the  quantum  well  at  bias  voltages  past  the  point  of  alignment  between  the 
quasibound  level  and  occupied  states  on  the  cathode  side.^^  Once  in  the  quantum  well,  the 
electrons  can  tunnel  to  the  anode  side  by  elastic  means.  In  the  coherent  picture,  the  LO- 
phonon  scattering  introduces  sidebands  on  the  transmission  probability  curve  separated  by  an 
integral  number  of  phonon  quanta,  ±  nlTci}y>  firom  the  central  peak.^  In  either  picture,  a  large 
excess  current  arises  in  the  vicinity  of  the  valley  voltage  in  most  RTDs.  Matorials  having 
lower  effective  mass  tend  to  have  a  relatively  smaller  amount  of  this  scattoing,  which  is 
another  advantage  of  the  indium-bearing  materials,  InQ53Gao47As  and  especially  InAs,  over 
GaAs. 

Acoustic-phonon  and  alloy  scattering  have  been  analyzed  by  the  same  sequential 
mechanism  as  used  for  the  LO  phonons.^  ^  The  conclusion  reached  for  acoustic  phonons  is 
that  they  play  a  much  smaller  role  than  optical  phonons  in  generating  excess  current  How¬ 
ever,  the  analysis  was  not  carried  out  for  polar-mode  (i.e.,  piezoelectric)  acoustic-phonon 
scattering  which  is  known  to  be  very  strong  in  narrow-band,  low-effective-mass  materials. 
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AUoy  scattering  in  ternary  compound  barriers  can  give  rise  to  a  more  significant  excess 
current  component  that  is  approximately  independent  of  temperature.  This  component  can 
explain  the  inferior  PVCR  of  the  Ino^3Gao47As/Ino52Alo4gAs  RTDs  relative  to  those  made 
from  Ino33Gao47As/AlAs,  since  the  AIAs  barriers  are  presumably  pseudomorphic  and  there¬ 
fore  introduce  neither  alloy  nor  dislocation  scattering. 

More  recently,  the  excess  current  due  to  scattering  off  of  interface  defects  has  been  stu¬ 
died.  This  is  an  important  mechanism  because  it  is  generally  believed  that  the  heterointer¬ 
faces  in  all  heterojunction  devices,  including  RTDs,  are  rough  in  the  lateral  plane  by  at  least 
one  monolayer.  This  imperfection  breaks  down  the  conservation  of  lateral  momentum,  lead¬ 
ing  to  a  scattering  mechansim  that,  like  alloy  scattering,  has  a  very  broad  transmission  charac¬ 
teristic.  An  interesting  prediction  is  that  the  strength  of  this  scattering  mechanism  depends 
heavily  on  which  interfaces  in  the  RTD  are  assumed  to  be  rough. 

A  final-excess  current  mechanism  inherent  to  all  RTDs  arises  from  scattering  in  the  clad¬ 
ding  layers.  This  is,  perhaps,  the  most  fundamental  of  all  scattering  mechanisms,  but  one  of 
the  most  difficult  to  deal  with,  since  it  transcends  the  stationary-state  model  outlined  in  Sec. 
4.2.  The  stationary-state  model  separates  the  quantum-mechanical  transport  in  the  barrier 
structure  from  the  semiclassical  transport  in  the  cladding  layers.  A  proper  description  requires 
the  quantum-transport  theory  discussed  in  Chapter  9.  The  latter  theory  has  yielded  excellent 
agreement  with  experiment  at  the  valley  point  of  GaAs/AlAs  RTDs.^^ 


5.  Time-delay  mechanisms 
5.1.  Fundamental  RC  limit 

Like  any  electronic  device  in  which  the  current  flow  is  limited  by  a  barrier,  a  fundamen¬ 
tal  speed  limit  of  the  DBRTD  is  set  by  the  time  required  to  charge  or  discharge  the  space- 
charge  regions  in  the  active  region  of  the  device.  This  is  known  as  the  RC  limit,  where  R 
and  C  are  the  differential  resistance  and  capacitance,  respectively,  associated  with  the  active 
region.  A  great  advantage  of  the  DBRTD  over  most  other  tunneling  devices  is  that  the  intrin¬ 
sic  RC  time  constant  can  be  made  very  small,  with  values  below  1  ps  being  possible  in 
optimized  devices.  This  is  because  R  and  C  are  determined  by  different  factors,  so  that  they 
are  essentially  independent  quantities.  R  is  inversely  related  to  Jp,  which  depends  on  the 
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carrier  concentration  on  the  cathode  side  (through  the  quasi-Fermi  level  E§)  and  on  the  area 
(in  energy  space)  under  the  transmission  resonance  (see  Sec.  4.2).  C  is  inversely  related  to 
the  depletion  length  on  the  anode  side,  which  depends  on  the  doping  distribution  on  this  side. 
Two  mechanisms  that  reduce  the  speed  of  the  DBRTD  below  that  defined  by  the  RC  time  are 
the  finite  resonant-tunneling  traversal  time  and  the  finite  transit  time  across  the  depletion 
layer. 
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5.2.  Resonant-tunneling  traversal  time 

The  effect  of  the  resonant-tunneling  traversal  time  can  be  analyzed  by  a  number  of  tech¬ 
niques  with  widely  varying  degrees  of  sophistication.  One  analysis  has  applied  linear- 
response  theory  to  determine  the  equivalent  electrical  admittance  of  the  double-ba  >r  struc¬ 
ture.^^  The  analysis  starts  by  determining  the  response  of  the  conduction  current,  to  an 
applied  voltage  step  AV.  It  is  reasonable  to  resume  that  the  step  response  is  exponential  in 
time  with  time  constant 

i(t)  =  Ijec-t)  +  [12  +  Pi  -  I2]  cxp(-t/tn)]8(t) ,  (5.1) 

where  and  I2  are  the  initial  and  final  dc  currents,  respectively,  and  6(t)  is  the  unit  step  func¬ 
tion.  In  the  small-signal  limit  where  I2  =  I|  +  GgAV  and  is  the  differential  conductance  of 
the  double-barrier  structure,  the  impulse  response  function  is  given  by 
h(t)  =  (AV)“Mi(t)/dt  =  [1  -  exp(-t/tn)]8(t)Gs  +  cxp(-t/xj  0(t)Gs/Xa.  Finally,  the  admittance 
is  obtained  by  Fourier  transformation, 

T  Gs 

Ys(<o)  =  f  h(t)  expC-imt)  dt  =  ■■  .  (5.2) 

*  ,  1  +  iCDXg 

The  reciprocal  impedance  function,  Zs(a>)  =  Ys^((d),  has  the  f<Hm  Gs*  +  icoLs  where 
Ls  -  Xg/Gg  is  the  tunneling  inductance.  Intuitively,  an  inductive  reactance  might  be  expected 
in  any  model  of  resonant  tunneling  since  the  time  required  for  the  build  up  or  decay  of  the 
wavefiinction  in  the  quantum  well  leads  to  a  delay  of  current  with  respect  to  voltage. 

An  inductive  character  of  the  resonant-tuimeling  admittance  has  also  been  predicted  by 
more  rigorous  quantum-transport  treatments.^^*^^  In  at  least  two  such  treatments  the  magni¬ 
tude  of  the  inductance  was  similar  to  that  derived  here,  but  the  sign  was  opposite,  that  is, 
Ls  =  -tg/Gs.  The  sign  is  important  since  the  high-frequency  admittance  behaves  very 
differently  when  the  inductance  is  negative  than  when  it  is  positive.  The  result  derived  here 
would  change  sign  if  in  Eq.  (5.2)  the  argument  of  the  exponential  was  positive.  However, 
exp(-iO)t)  is  the  correct  form,  since  the  Fourier  transform  is  a  special  case  of  the  Laplace 
transform,  and  to  obtain  a  bounded  result  the  Laplace  transform  must  weight  the  time-varying 
waveform  by  exp(-st)  where  s  is  the  complex  frequency. 

One  shortcoming  of  the  analysis  is  the  assumption  of  an  exponential  approach  to  steady 
state.  It  is  thought  that  the  actual  conduction  current  displays  a  much  richer  behavior  on  short 
time  scales.  Time-dependent  quantum-mechanical  solutions  yield  an  oscillatory  component 
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with  an  exponentially  decaying  envelope7^  This  is  indicative  of  the  well-known  ringing 
phenomenon  of  lesonant  systems.  For  resonant  tunneling  through  the  first  quasibound  level, 
the  oscillatory  component  has  a  period  very  close  to  the  traversal  time  t^  across  the  quantum 
well  of  a  wave  packet  centered  at  energy  E|.  The  effect  of  the  ringing  on  the  admittance  is  to 
cause  the  imaginary  part  to  increase  as  m  approaches  t^^  This  increase  will  be  most  observ¬ 
able  experimentally  in  structures  designed  with  very  thin  barriers  so  that  t]  =  t^ 

5J.  Depletion-layer  transit  time 

The  effect  of  a  finite  depletion-layer  transit  time  can  be  understood  by  thinking  of  the 
double-barrier  structure  as  an  electron  injector.  As  such,  the  electrons  will  have  an  initial 
kinetic  energy  that  is  close  to  in  the  quantum  well.  Most  double-barrier  structures  have 
Ej  >  100  meV  to  satisfy  the  spatial-quantization  condition  given  in  Sec.  2.1.  Such  a  kinetic 
energy  corresponds  to  a  very  high  group  velocity  Vg  in  the  common  III-V  materials.  For 
example,  a  0.1  eV  kinetic  energy  in  GaAs  corresponds  to  Vg  =  7x10^  cm“*  according  to  the 
theoretical  F-valley  dispersion  curve.  The  theoretical  Vg  derived  from  this  curve  is  shown  in 
Fig.  9.^^  One  expects  this  velocity  to  be  maintained  over  some  distance  approximately  equal 
to  the  ballistic  mean  free  path,  which  depends  critically  on  the  applied  electric  field,  the 
upper-valley  separation,  and  the  strength  of  the  optical-phonon  interaction.  After  drifting  this 
distance,  the  electron  is  rapidly  decelerated,  and  then  crosses  the  remaining  depletion  region  at 
a  velocity  much  closer  to  the  saturated  value.  For  example,  in  GaAs  the  small  upper-valley 
separation  of  0.28  eV  limits  the  ballistic  mean  free  path  to  about  20  to  30  nm.  In  the 
indium-bearing  materials,  Ino33Gao,47As  and  InAs,  the  ballistic  mean  free  path  is  significantly 
higher  because  of  the  larger  upper-valley  separations,  -  0.5  and  0.9  eV,  respectively,  in  these 
materials. 

In  a  DBRTD  having  a  very  large  depletion  length,  one  expects  the  transit  time  to  be 
given  by  ty  =  where  v,  is  the  saturation  velocity  in  the  depletion-layer  mataial.  In 

GaAs,  V,  =  1x10^  cm  s~S  so  that  an  electron  suffers  a  delay  of  1  ps  in  a  distance  of  only  100 
nm.  Because  of  this  fact,  DBRTDs  have  usually  been  designed  with  somewhat  less  than 
100  nm  to  nraintain  a  short  transit  time.  However,  a  long  can  lead  to  an  enhancement  in 
the  magnitude  of  the  terminal  NDR,  which  is  the  basis  for  a  device  called  the  quantum-well 
injection  and  transit  time  diode.^^ 
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6.  High-speed  performance  characteristics 
6.1.  Small-signal  mpedance  model 

The  fundamental  RC  time  constant,  the  resonant-tunneling  time  and  the  transit  time  can 
be  combined  into  a  small-signal  impedance  model  of  the  DBRTD  that  is  very  useful  in 
characterizing  high-speed  devices.  To  construct  diis  model,  one  starts  with  the  double-barrier 
structure  alone,  noting  that  a  time-varying  potential  induces  a  displacement  current  in  addition 
to  the  resonant-tuimeling  conduction  current  analyzed  in  Sec  5.2.  The  time-varying  potential  is 
assumed  to  be  unaHected  by  the  charge  storage  in  the  quantum  welL  This  assumption  allows 
one  to  neglect  the  contribution  to  the  impedance  of  the  so-called  quantum-well  capacitance,^^ 
which  has  a  significant  effect  only  in  relatively  wide  quantum  wells.^®**®  The  displacement 
current  through  the  double-barrier  stmeture  is  represented  by  a  capacitance 
Cg  =  eA/(L^  +  2Lb)  in  shunt  with  the  complex  tunnel  admittance  YgCco)  of  Eq.  (5.2),  where  e 
is  the  permittivity  and  A  is  the  lateral  area  of  the  diode.  To  include  the  additional  potential 
drop  in  the  space-charge  regions  outside  of  the  double-barrier  structure,  it  is  assumed  for  the 
moment  that  the  conduction  current  traverses  these  regions  with  no  transit-time  delay.  The 
circuit  elements  Gg  and  Cg  are  then  simply  scaled  by  the  factor  dVg/dVo  and  Lg  by  the 
inverse  to  form  the  lumped-element  circuit  shown  in  Fig.  10.  The  series  resistance  Rg  in  Fig. 
10  arises  from  ohmic  dissipation  outside  the  active  region  of  the  device,  so  that  it  is  not 
involved  in  the  scaling.  The  element  G  is  the  differential  conductance  measured  across  the 
terminals  of  the  diode,  C  is  the  total  space  charge  capacitance,  and  is  called  the 
"quantum-well  inductance"  because  of  its  physical  origin  •  the  quantum-well  quasibound-state 
lifetime.  The  validity  of  this  circuit  has  been  confirmed  by  two  sQ>arate  theoretical  treat- 
ments.**'*^ 

To  include  the  effect  of  the  depletion-layer  transit  time,  the  electron  is  assumed  to  have  a 
constant  drift  velocity  v^  that  is  an  average  between  the  high  initial  velocity  and  a  saturated 
terminal  velocity.  This  assumption  allows  one  to  apply  the  small-signal  transit  time  theory 
that  has  been  successful  in  describing  a  variety  of  fast  devices  such  as  IMPATT  diodes.^^  In 
this  theory  the  teal  part  of  the  admittance  of  the  double-barrier  structure  is  represented  as  an 
injection  conductance,  a  =  dJ/dFw  =  (Lq  +  +  2L^  +  La)A"^G(1  +  icwi)"^  where  Fw  is 

the  electric  field  (implicitly  uniform)  across  the  double-barrier  structure,  and  G  =  dl/dV  is  the 
differential  conductance  associated  with  the  entire  active  region.  This  leads  to  a  total 
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impedance  of 


Z|T=  7 


iooeA 


1  - 


q  l-exp(-iea) 

o  -I-  icne  i6d 


o  +  icoe  +  Rs((D)  t 


(6.1) 


where  e  is  the  permittivity  of  the  double-barrier  region,  and  8^  =  is  the  transit  angle. 

The  first  term  is  the  conqronent  arising  from  the  finite  transit  time.  In  the  limit  of 
infinitesinud  transit  time  or  zero  frequency,  this  term  reduces  to  the  sum  the  space  charge 
resistance  Rsc  =  and  the  depletion-layer  capacitance  C  =  eA/Lj).  The  space-charge 

resistance  arises  from  mobile  charge  storage  in  the  depletion  layer.  In  the  limit  of  zero  fre¬ 
quency,  the  second  term  reduces  to  the  differential  resistance  and  the  quantum-well  induc¬ 
tance,  so  that  the  total  expression  reduces  to  the  lumped-element  R(X  model  shown  in  Fig. 
10. 


6.2.  Maximum  oscillation  frequency 


Provided  that  it  can  be  stably  dc  biased  in  the  NDR  region,  the  DBRTD  is  capable  of 
oscillating  up  to  a  frequency  f^ui  at  which  the  real  part  of  the  terminal  impedance  vanishes. 
In  the  limit  of  infinitesimal  transit  angle,  this  frequency  reduces  to  that  predicted  from  Fig.  10, 
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In  the  limit  that  Lqw-^  or  equivalently  tg-»0,  this  solution  reduces  further  to  the  RC-limited 
result  f^  =  (2jtC)"W-G/Rs  “  A  solution  to  the  above  equatira  always  exists  provided 
that  |G|Rs  <  1,  G  <  0,  and  Lqw  <  *^0  first  condition  defines  the  dc-bias  stability  men¬ 

tioned  above,  and  the  next  two  are  automatically  satisfied  in  the  NDR  region.  Also  note  that 
in  the  NDR  region  the  imaginaiy  part  of  the  impedance  of  this  circuit  is  always  less  than  zero 
because  Lq^  is  negative.  This  means  that  the  equivalent  circuit  in  i  10  cannot  self- 
oscillate,  i.e.,  it  cannot  oscillate  by  an  internal  resonance. 

Listed  in  Table  I  are  the  theoretical  values  of  fjj^  for  the  fastest  DBRTDs  fabricated  to 
date.  The  highest  f^^  values  for  GaAs/AlAs  and  Ino^Gao47As/AlAs  diodes  are  S5S  and 
1280  GHz,  respectively.  The  superiority  of  the  Ino^3Gao.47As/AlAs  diode  is  attributable  to  a 
lower  magnitude  of  NDR  per  unit  device  area  and  to  a  lower  specific  series  resistance. 
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6.3.  Switching  time 

The  NDR  region  is  also  the  basis  for  switching  from  the  peak  to  the  valley  region  of  the 
DBRTD,  and  vice  versa.  The  switching  process  occurs  by  dc  biasing  the  device  near  the  peak 
point  through  a  load  resistance  R|^  that  is  consistent  with  dc  bistability  (i.e.,  two  possible  dc 
bias  points  exist,  one  above  and  one  below  the  NDR  region).  This  resistance  must  satisfy 
Ri^  >  AV/AI.  A  slight  increase  in  the  bias  voltage  will  then  eliminate  the  stable  operating 
point  at  the  peak  and  cause  a  switch  to  the  stable  point  at  the  valley  point  or  beyond.  The 
separation  in  voltage  between  the  initial  stable  point  and  the  final  one  is  assumed  to  be  small 
enough  that  the  diode  capacitance  is  constant  at  the  peak-voltage  value. 

A  useful  estimate  of  the  switching  time  is  obtained  by  analyzing  only  the  RC  com¬ 
ponents  without  accounting  for  the  resonant-tunneling  traversal  or  transit-time  delays.  The  I- 
V  curve  in  the  NDR  region  is  represented  by  the  following  parabolic  form: 

I  =  -^(V  -  Vv)^  +  Iv  .  (6.3) 


This  expression  increases  in  slope  monotonically  as  the  voltage  is  decreased  from  the  valley 
point  to  the  peak  point  It  is  thought  to  be  a  good  approximation  to  the  stable  I-V  curve  at  all 
voltages  except  those  just  above  the  peak.  For  a  load  resistance  equal  to  AV/AI,  as  shown  in 
Fig.  11,  the  time  required  for  the  diode  voltage  to  increase  from  a  value  10%  above  the  peak 
voltage  to  a  value  10%  below  the  valley  voltage  is  given  by 

Vv-O.IAV 


t  ^  f  _ CdV _ 

^  ViJ.iAV  -AI/AV(V  -  Vv)  -  AI/AV2(V  -  Vv)^  ’ 


(6.4) 


Evaluation  of  this  "rise  time"  integral  yields  t^  =  4.4AV/S,  where  S  =  (Jp-Jv)/C  is  called  the 
speed  index.®^ 

Theoretical  results  for  the  fastest  GaAs/AlAs  and  Ino33Gao.47As/AlAs  DBRTDs  are  given 
in  Table  n.  The  highest  S  and  lowest  tp  values,  by  far,  are  predicted  for  the  diodes  having 
the  highest  current  density.*^  This  results  in  part  from  a  high  AJ  of  =  3.2x10^  A  cm~^,  and  in 
part  from  a  small  AV.  A  comparison  with  the  oscillator  characteristics  in  Table  I  leads  to  the 
following  important  point  regarding  DBRTDs.  The  best  osciUator  diodes  are  not  necessarily 
the  best  switching  diodes,  and  vice  versa.  Increasing  AJ  tends  to  increase  oscillator  power 
and  decrease  switching  time  in  the  same  manner.  Increasing  AV  also  enhances  oscillator 
power,  but  it  increases  the  switching  time  since  a  greater  AV  requires  a  greater  change  of 
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charge  stored  in  C. 

In  considering  the  subpicosecond  values  given  in  Table  n,  it  is  important  to  realize  that 
the  neglected  resonant-tunneling  traversal  and  transit-time  delays  could  significantly  affect  the 
switching  time  on  the  given  time  scale.  It  is  expected  that  the  depletion-layer  transit  time  will 
increase  t^,  but  the^^  effect  of  the  quantum-well  traversal  time  is  not  yet  clear. 


7.  High-speed  experimental  results 
7.1.  Oscillations 

Oscillations  can  be  made  to  occur  in  the  NDR  region  at  any  frequency  from  dc  up  to 
fmax-  requirement  for  oscillation  is  that  the  device  be  dc  stable  in  the  NDR  region  so  that 
Rl  <  AV/AI,  where  Rl  is  the  real  part  of  the  dc  load  impedance,  AV  =  Vy  -  Vp,  and 
AI  =  Ip  -  ly.  Another  requirement  for  oscillation  is  that  the  total  impedance  be  resonant  in 
the  sense  that  the  imaginary  part  is  zero.  A  variety  of  resonant  circuits  have  been  made  with 
DBRTDs,  but  the  waveguide  resonator  shown  in  Fig.  12  has  been  the  most  useful  and  has 
yielded  the  highest-frequency  results  to  date.  Oscillators  operating  around  50,  100,  200,  350, 
and  650  GHz  have  been  studied  extensively.^ 

One  of  the  useful  results  of  oscUlator  measurements  is  the  determination  of  f^^.  The 
comparison  between  experiment  and  theory  for  two  diodes  is  given  in  Fig.  13.  The  lower- 
frequency  results  are  for  a  diode  having  thick  (4.8  nm)  Alo.42Gao5gAs  barriers,  so  that  Xj  » 
Trc  and  X|  »  ty.  This  allows  one  to  observe  the  effect  of  the  quantum-well  inductance.  It  is 
clear  from  the  results  that  the  f|Q„  with  the  quantum-well  inductance  included  provides  a 
better  agreement  with  the  observed  rolloff  of  oscillation  power  of  this  device.  The  of 
this  device  is  calculated  to  be  50  GHz,  while  f^  is  180  GHz.  Figure  13  also  compares  the 
experiment  and  theory  of  the  fastest  GaAs/AlAs  oscllator  tested  to  date.  The  results  are, 
again,  consistent  with  theory  in  that  the  maximum  measured  oscillation  frequency  of  420  GHz 
is  below  f£^,  which  is  468  GHz.  The  theoretical  calculation  uses  a  G  equal  to  the  maximum 
slope  in  the  NDR  region.  A  more  detailed  analysis  shows  that  a  threefold  reduction  in  R^ 
with  the  same  G  would  increase  f^^  to  approximately  9(X)  GHz.^^ 

The  oscillation  results  for  the  fastest  diodes  made  to  date  in  all  three  material  systems 
are  presented  in  Fig  14.  The  relatively  poor  PVCR  of  the  GaAs/AlAs  diode  limits  the  power 
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density  to  a  maximum  low-frequency  value  just  over  1x10^  W  cm“^.  The  typical  absolute 
power  obtained  from  a  4-pm-diameter  diode  of  our  fastest  GaAs/AlAs  material  is  15  iiW  at 
112  GHz  and  0.2  iiW  at  360  GHz.  The  superior  PVCR  of  the  Inoj;3Gao47As/AlAs  diodes 
provides  a  low-frequency  power  density  of  1x10^  W  cm”^,  which  is  comparable  to  that  gen¬ 
erated  by  microwave  IMP  ATT  diodes.  For  the  Inoj3Gao.47As/AlAs  results  labeled  (A)  in  Fig. 
14,  such  power  densities  were  maintained  up  to  only  10  GHz  because  of  high  device  capaci¬ 
tance.  Recently,  a  superior  Inoj3Gao47As/AlAs  diode,  labeled  (B)  in  Fig.  14,  has  been 
demonstrated  with  a  power  density  of  1.2x10^  W  cm“^  and  absolute  power  of  50  pW  at  110 
GHz.  This  is  the  highest  oscillation  power  obtained  from  a  DBRTD  to  date  above  100  GHz. 

DBRTDs  made  from  InAs/AlSb  are  very  promising  for  submillimeter-wave  oscillator 
applications.  The  power  density  of  the  InAs/AlSb  RTD  at  360  GHz  is  about  50-times  greater 
than  that  of  the  GaAs/AlAs  RTD  at  the  same  frequency.  The  absolute  power  of  a  2-pm- 
diameter  InAs/AlSb  diode  at  360  GHz  was  measured  to  be  3  pW,  which  is  about  12-fold 
more  power  than  obtained  from  a  GaAs/AlAs  diode  having  four  times  the  area.  The  highest 
frequency  measured  to  date  from  InAs/AlSb  diodes  is  712  GHz.®^  The  power  density  and 
absolute  power  at  this  frequency  were  measured  to  be  20  W  cm~^  and  0.5  pW,  respectively. 
The  InAs/AlSb  DBRTD  should  be  capable  of  oscillating  up  to  about  1  THz. 

72.  Small-signal  impedance 

Network  analysis  entails  the  measurement  of  the  small-signal  impedance  or  admittance  of 
the  DBRTD,  and  is  most  easily  done  in  the  positive  differential  resistance  (PDR)  regicm 
where  the  device  is  inherently  dc  stable.  The  first  network  analysis  measurements  found  that 
the  imaginary  part  of  the  impedance  contained  an  inductive  component  that  was  practically 
independent  of  bias  voltage.^^  The  physical  origin  of  this  inductance  was  not  clear.  A  second 
study  also  found  an  inductive  component  in  the  DBRTD  impedance  and  has  shown  qualitative 
agreement  between  experiment  and  the  small-signal  impedance  model  drived  in  Sec.  6.1.^ 

More  recently,  small-signal  impedance  measurements  have  been  carried  out  in  both  the 
PDR  and  a  stable  NDR  region  by  a  network  analysis.*®  The  measurements  were  conducted  on 
a  specially  designed  DBRTD  in  the  Ino^3Gao,47As/AlAs  material  system,  which  had  a  very 
low  Jp  ( =  100  A  cm"^)  and  a  sufficiently  high  PVCR  (=  3.0)  at  room  temperature  that  the 
electron  transport  through  the  structure  was  primarily  resonant  tunneling  through  the  first 
quasibound  state.  The  experimental  I-V  and  G-V  curves  are  shown  in  Fig.  15(a).  The  low  Jp 
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allowed  the  DBRTD  to  be  stablized  against  all  oscillations  in  the  NDR  region,  so  that  an 
accurate  admittance  measurement  could  be  made  in  this  region.  The  results  are  summarized 
in  Fig.  15(b)  and  (c)  for  bias  voltages  of  1.40  and  1.72  V,  respectively.  In  the  PDR  region  at 
1.40  V,  the  conductance  is  practically  independent  of  frequency,  and  the  susceptance  is  nearly 
linear,  consistent  with  a  simple  RC  model  of  the  device.  In  the  NDR  region  at  1.72  V,  the 
conductance  displayed  a  strong  frequency  dependence  and  the  susceptance  showed  an  obvious 
inductive  character  consistent  with  with  Lqv(^  =  tj/G  and  tj  =  1.6  ns.  One  possible  explana¬ 
tion  for  the  absence  of  inductance  in  the  PDR  region  is  that  the  resonant-tunneling  traversal 
time  is  much  shorter  than  it  is  in  the  NLR  region  because  inelastic  scattering  significantly 
reduces  the  quasibound-state  lifetime.  This  is  presently  an  active  area  of  research. 

73.  Electrooptic  measurements  of  switching  time 

A  technique  that  has  measured  DBRTD  switching  with  high  resolution  in  the  time 
domain  is  electrooptic  sampling.  In  one  version  of  this  technique,  switching  is  induced  by  a 
fast  photoconductive  gap  in  a  transmission  line,^  and  in  another  version  it  is  induced  by  elec¬ 
tronic  means  (a  pulse-forming  circuit).^^  The  version  with  photoconductive-switch  excitation 
is  shown  schematically  in  Fig.  16(a).  A  DBRTD  chip  is  mounted  on  one  conductor  of  a 
heterogeneous  coupled  stripline  in  such  a  way  that  the  n'*'  GaAs  substrate  makes  contact  to  the 
stripline  conductor  on  a  LiTaO^  substrate,  and  the  top  mesa  is  connected  (by  a  whisker)  to  the 
conductor  on  a  GaAs  substrate.  Synchronous  pulses  from  a  short-duration  (~  80  fs)  dye  laser 
are  used  to  activate  a  photoconductive  gap  in  the  conductor  on  the  GaAs  side  of  the  transmis¬ 
sion  line  and  to  measure  the  electric  field  between  the  conductors  by  probing  the  change  of 
refractive  index  in  the  LiTa03  induced  by  the  switching  action  of  the  diode.  The  experimen¬ 
tal  results  for  this  technique  are  shown  in  Fig.  16(b).  The  elapsed  time  between  the  90  and 
10%  points  is  found  to  be  2.1  ps.  The  DBRTD  structure  used  from  this  test  consisted  of  two 
1.7-nm-thick  AlAs  barriers  separated  by  a  4.5-nm-thick  GaAs  quantum  well.  It  is  the  same 
DBRTD  structure  that  oscillated  up  to  approximately  200  GHz.^ 

The  electrooptic  sampling  technique  with  electrical  excitation  has  yielded  somewhat 
longer  switching  risetimes,  in  the  range  of  6  to  10  ps.^^  These  results  were  obtained  on 
DBRTDs  that,  in  theory,  were  at  least  as  fast  as  the  one  tested  above.  The  discrepancy 
between  the  two  results  has  been  attributed  to  the  fact  that  the  photoconductive  switch  gen¬ 
erates  a  very  fast  pulse  across  the  DBRTD  that  is  larger  than  AV  in  amplitude.  Such  a  pulse 
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can  accelerate  the  switching  process  of  the  DBRTD  by  the  effect  known  in  switching  theory 
as  overdrive. 


7.4.  Microwave  noise  power  spectrum 

The  noise  power  of  high-speed  DBRTDs  has  been  measured  by  a  radiometric  technique 
in  the  PDR  region  and  by  an  oscillator  FM-noise  technique  in  the  NDR  region.  In  the 
radiometric  technique  outlined  schematically  in  Fig.  17,  the  noise  power  generated  by  the 
DBRTD  enters  a  circulator  designed  for  operation  around  1  GHz.  The  circulator  feeds  the 
power  to  a  low-noise  amplifier  chain,  and  the  output  power  of  the  amplifiers  is  measured  with 
a  spectrum  analyrer  in  a  narrow  bandwidth  Af  centered  at  1  GHz.  The  purpose  of  the  circula¬ 
tor  is  to  make  the  noise  component  of  the  amplifier,  which  is  roughly  50%  of  the  total  noise, 
independent  of  the  impedance  of  the  DBRTD.  From  the  noise  power  at  the  analyzer,  an 
equivalent  shot-noise  current  is  derived  using  the  circuit  model  of  Fig.  17.  This  is  a  ver¬ 
sion  of  Fig.  10  in  which  Lq^  can  be  neglected  because  of  the  low  frequency.  The  thermal 
noise  associated  with  the  Rs  is  represented  by  a  current  generator  i^  =  (4kTAf/Rs)'^,  and  is 
subtracted  from  the  total  noise  in  the  process  of  deriving  leq  at  each  bias  point 

The  measurement  of  noise  power  in  the  NDR  region  is  much  more  difficult  because  of 
the  strong  tendency  for  high-speed  DBRTDs  to  oscillate  in  this  region.  With  this  fact  in 
mind,  a  pragmatic  approach  is  to  force  the  DBRTD  to  oscillate  at  a  suitably  low  frequency 
and  deduce  the  noise  properties  from  the  FM  characteristics  of  the  oscillator  power  spec- 
trum.^^  This  technique  provides  only  an  upper  limit  since  other  mechanisms,  such  as  1/f  noise 
in  the  contacts,  can  contribute  significantly  to  the  microwave  power  spectrum,  but  are  not 
accounted  for  in  the  analysis. 

Shown  in  Fig.  18  are  the  experimental  results  at  77  K  for  the  same  GaAs/AlGa^ 
DBRTD  as  in  Figs.  5  and  6.  The  device  exhibits  obvious  shot-noise  suppresskm  in  the  PDR 
region  with  a  minimum  y  of  approximately  0.35  at  a  bias  voltage  just  below  the  current  peak. 
At  the  only  bias  point  in  the  NDR  region,  the  shot  noise  is  enhanced  by  a  factor  of  eight,  in 
qualitative  agreement  with  the  theory  derived  in  Sec.  4.6.  The  results  at  room  temperature 
were  similar  except  that  less  suppression  and  enhancement  were  measured  in  the  IDR  and 
NDR  regions,  respectively.  In  addition,  shot-noise  measurements  have  been  carried  out  on  an 
Ino.s3Gao47As/AlAs  DBRTD  having  much  thinner  barriers,  and  a  much  higho’  Jp,  than  the 
GaAs/AlGaAs  device.®^  This  device  also  had  a  superior  PVCR  of  12  at  room  temperature. 
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The  experimental  shot-noise  factor  for  this  diode  in  the  PDR  region  was  qualitatively  similar 
to  that  of  the  GaAs/AlGaAs  diode,  supporting  the  conclusion  that  the  shot-noise  suppression 
mechanism  is  inherent  to  all  symmetric  DBRTDs.  Unfortunately,  results  were  not  obtained  in 
the  NDR  region  because  of  the  difficulty  in  making  this  diode  oscillate  at  low  frequencies. 


8.  Survey  of  high-speed  applications 
8.1.  Device  qualifications 

Many  of  the  DBRTD  applications  investigated  up  to  the  present  time  are  analogous  to 
p-n  (Esaki)  tunnel-diode  applications  of  the  1960s.^  Most  of  the  Esaki-diode  applications 
were  abandoned  with  the  advent  of  fast  transistors  because  of  the  difficulty  in  designing  satis¬ 
factory  circuits  using  only  two-terminal  devices.  The  DBRTD  has  three  advantages  over 
Esaki  diodes  that  compensate  for  this  shortcoming.  First,  the  DBRTD  is  roughly  ten  times 
faster  than  the  Esaki  diode  in  both  oscillations  and  switching.  This  allows  the  DBRTD  to 
operate  in  the  terahertz/picosecond  regions  that  are  presently  the  frontiers  of  high-speed  elec¬ 
tronics.  Second,  the  I-V  characteristics  of  DBRTDs  can  be  tailored  by  bandgap  engineering 
over  a  very  large  range.  For  example,  peak  current  densities  can  be  designed  to  occur  firom 
roughly  10^  to  5x10*  A  cm~^  and  peak  voltages  from  roughly  0.3  to  3  V,  both  in  the  presence 
of  a  useful  PVCR.  Third,  DBRIDs  are  con^tible  with  modem  heterostructure  transistor 
devices  since  they  are  grown  monolithically  by  the  same  epitaxial  techniques  and  fabricated 
by  very  similar  methods.  This  opens  up  many  possibilities  of  high-speed  DBRTDs  used  in 
conjunction  with  heterostructure  transistors  to  make  integrated  circuits  having  superiOT  perfcv- 
mance  or  functionality^*  compared  to  existing  circuits. 

Presently  dozens  of  applications  of  DBRTDs  are  under  development  or  being  proposed. 
Some  of  the  more  promising  applications  are  summarized  below.  For  a  more  complete  dis¬ 
cussion  of  the  applications,  the  reader  is  referred  to  one  of  the  review  articles  on  the  sub¬ 
ject 


8.2.  DBRTD  quasiopticaJ  oscillator 

The  oscillation  of  the  DBRTD  at  712  GHz  establishes  it  as  the  fastest  solid-state  elec¬ 
tronic  oscillator  demonstrated  to  date  at  room  temperature.  As  such,  it  has  the  potential  to  fill 
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the  need  for  coherent  power  in  the  region  between  100  GHz  and  1  THz  where  fundamental- 
frequency  solid-state  sources  are  lacking.  In  this  regiem  the  primary  application  of  the 
DBRTD  is  a  low-noise  local  oscillator  for  high-sensitivity  coherent  radiometers.  In  this  appli¬ 
cation  the  instantaneous  linewidth  must  be  less  than  about  100  kHz,  and  the  oscillator  should 
be  frequency  tunable  by  at  least  ±  1%  of  the  nominal  center  frequency.  A  DBRTD  oscillator 
satisfying  these  requirements  is  the  quasioptical  design  represented  in  Fig.  19(a).^ 

Shown  in  Fig.  19(b)  is  the  experimental  power  spectrum  of  the  quasioptical  oscillator 
operating  near  210  GHz.  This  particular  oscillator  contains  a  DBRTD  made  from  the 
Ino.53Gao.47As/AlAs  material  system  and  having  an  f^^  of  approximately  900  GHz.  The 
oscillator  power  spectrum  has  a  linewidth  of  approximately  20  kHz  at  10  dB  below  the  peak. 
The  measured  power  was  approximately  50  p.W,  which  is  sufficient  to  drive  the  superconduct¬ 
ing  quasiparticle  mixers  that  operate  in  this  frequency  range,  and  is  probably  high  enough  to 
drive  the  next  generation  of  cooled  Schottky  diode  mixers  made  from  InGaAs.  Future  ver¬ 
sions  of  the  quasioptical  oscillator  will  operate  up  to  frequencies  of  at  least  400  GHz. 

8.3.  DBRTD  pulse  fomung  and  trigger  circuits 

The  fast  switching  behavior  described  in  Sec.  6.3  makes  the  DBRTD  ideally  suited  for 
generating  sharp  edges  in  response  to  a  slowly  varying  input  waveform.  The  basic  idea  is  to 
take  the  dc  load  line  in  Fig.  11  and  superimpose  on  it  an  ac  drive  waveform  of  arbitrary 
period.  The  amplitude  of  the  drive  is  chosen  such  that  the  stable  operating  point  switches 
from  the  peak  to  the  valley  region  as  the  drive  increases  from  minimum  to  maximum  voltage, 
and  the  stable  point  switches  from  the  valley  to  the  peak  region  as  the  drive  decreases  from 
maximum  to  minimum.  The  resulting  current  waveform  through  the  DBRTD  can  be  much 
faster  than  the  drive,  and  if  fed  into  a  separate  circuit  from  the  drive  circuit  (by  frequency 
separation  techniques)  should  have  the  form  of  a  square  pulse  with  sharp  leading  and  lagging 
edges.  With  proper  design  the  current  pulse  can  be  induced  with  a  relatively  small  amplitude 
drive  waveform,  which  means  that  the  pulse  generator  has  high  sensitivity.  Another  benefit  is 
that  the  switching  thresholds  are  well  defined  by  the  peak  and  valley  points,  so  that  the  sharp 
edges  of  the  pulse  always  occur  at  the  same  phase  of  the  drive  voltage.  This  is  the  required 
characteristic  of  a  trigger.  These  characteristics  have  been  utilized  recently  in  the  demonstra¬ 
tion  of  some  monolithic  DBRTD-based  circuits,  including  a  complete  sampling  head  operating 
up  to  26  GHz®*  and  a  trigger  circuit  operating  up  to  110  GHz.^® 
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8.4.  DBRTD-based  signal-processing  circuits 

The  flexibility  in  design  of  the  DBRTD  I-V  characteristics  can  be  utilized  to  perform 
various  specialized  signal-processing  functions.  For  example,  if  a  DBRTD  is  grown  with 
compositional  and  doping  profiles  that  are  perfectly  symmetrical  about  the  center  of  the  quan¬ 
tum  well,  then  the  I-V  curve  will  be  antisymmetrical  about  the  origin.  When  such  an  I-V 
curve  is  driven  with  a  sinusoidal  voltage  waveform,  the  current  spectrum  flowing  through  the 
diode  will  contain  only  odd  harmonics  of  the  drive  waveform.^  If  the  amplitude  of  the  vol¬ 
tage  waveform  is  close  to  the  magnitude  of  the  valley  voltage  of  the  DBRTD  and  if  the 
PVCR  of  the  DBRTD  is  sufficiently  high,  then  the  power  contained  in  the  fifth  harmonic  can 
exceed  the  power  in  the  third.  This  property  is  demonstrated  diagrammatically  in  Fig.  20(a). 
The  performance  of  a  prototype  microwave  fifth-harmonic  multiplier  is  displayed  in  Fig. 
20(b).  The  conversion  efficiency  to  the  fifth  harmonic  is  approximately  0.3%. 

If  two  or  more  double-barrier  structures  are  grown  in  tandem,  the  overall  I-V  curve  will 
have  a  sawtooth-like  characteristic,  similar  to  that  observed  with  two  or  more  Esaki  diodes  in 
series,  but  without  the  parasitic  impedance  of  the  interconnection.  By  designing  the  DBRTDs 
properly,  the  successive  peaks  in  the  sawtooth  can  be  separated  by  equal  voltage.  This  leads 
to  the  possibility  of  multibit  analog-to-digital  (A/D)  conversion.  Simulations  on  such  a  device 
have  predicted  that  a  4-bit  A/D  converter  made  by  this  technique  should  operate  up  30 
GHz.^00 


85.  DBRTDs  in  memory  and  logic  circuits 

When  a  single  DBRTD  is  connected  to  the  source  terminal  of  a  field-effect  transistor 
(FET),^®*  or  to  the  emitter  terminal  of  a  bipolar  junction  transistor  (BJT),*®^  a  negative  tran¬ 
sconductance  region  is  introduced  into  the  I-V  curves  of  the  transistor-DBRTD  combination. 
When  the  FET  (BIT)  transistor  is  loaded  by  a  suitable  resistive  load  at  the  drain  (collects) 
terminal,  the  output  at  this  terminal  will  then  be  bistable  in  the  sense  that  two  different  output 
states  will  be  possible  for  the  same  input  gate-voltage  (base-current)  level.  Which  output  state 
results  from  a  given  input  depends  on  how  that  input  level  was  reached.  This  is  the  basis  for 
a  latch,  or  flip-flop,  which  is  the  building  block  of  sequential  (i.e.,  memory-containing)  logic. 
When  either  transistor  is  loaded  by  a  structure  containing  several  DBRTDs  in  tandem,  more 
than  two  possible  output  levels  are  obtained.  This  raises  the  possibility  of  multivalued  (i.e., 
trinaiy  or  higher)  logic  families  based  on  these  devices.^^ 
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Improved  performance  (in  terms  of  static  power  dissipation)  with  similar  functionality 
can  be  obtained  by  using  the  DBRTD  as  the  transistor  load  at  the  drain  (collector)  terminal 
and  grounding  the  source  (emitter).  The  analogous  configuration  of  an  FET  and  an  Esaki- 
diode  load  was  originally  proposed  by  Lehovec  as  a  low-power  static  RAM  cell.^®^  It  can 
also  function  as  a  low-power  inverter  for  combinational  logic.  The  simulated  load  line  of  a 
heterostructure  FET  transistor  loaded  by  a  DBRTD  is  shown  in  Fig.  21(a).  Qearly,  the  low 
static  power  is  achieved  by  choosing  a  bias  voltage  V[>d  so  that  the  low-output  (V^QJ^)  logic 
state  is  just  above  the  valley  point  of  the  DBRTD.  The  resulting  static  transfer  characteristic 
is  shown  in  Fig.  21(b).  The  large  hysteresis  in  this  curve  may  enhance  the  logic  noise  mv- 
gins,  and  is  also  the  basis  for  static-RAM  applications  of  this  configuration.  Such  a  circuit 
has  been  fabricated  monolithically  and  shown  to  have  the  desired  static  properties. 
Recently,  this  configuration  has  been  demonstrated  by  numerical  simulation  to  have  a  speed 
competitive  with  the  fastest  direct-coupled-transistor  logic  families  presently  available.*®^ 
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FIGURE  CAPTIONS 


Fig.  1.  Conduction-band-bending  diagram  of  a  GaAs/AlAs  DBRTD  at  a  bias  vol¬ 
tage  conesponding  to  the  peak  of  the  resonant-tunneling  current  through  the 
first  quasibound  state. 

Fig.  2.  First-quasibound-state  lifetime  in  double-barrier  structures  made  from  five 
of  the  material  systems  discussed  in  the  text  In  each  structure  the 
quantum-well  width  is  fixed  at  4.6  nm. 

Fig.  3.  Room-temperature  current  density  vs  voltage  curves  for  high-speed 
DBRTDs  made  fi’om  three  different  material  systems. 

Fig.  4.  Band  alignment  of  the  type-II-staggered  biAs/AlSb  material  system  in  con¬ 
trast  to  that  of  the  Q'pe-I  InAs/AlAs  system.  It  is  assumed  for  simplicity 
that  the  latter  system  is  lattice  matched  and  that  65%  of  the  difference 
between  the  AlAs  and  In  As  F-point  bandgap  appears  as  a  barrier  in  the 
conduction  band. 

Fig.  5.  Solution  to  Poisson’s  equation  in  a  GaAs/Alo42Gao5gAs  DBRTD  at  room 
temperature  assuming  that  no  charge  is  stored  in  the  quantum  well  and  that 
there  is  no  spatial  quantization  outside  of  the  double-barrier  structure. 

Fig.  6.  Comparison  of  the  room-temperature  experimental  and  theoretical  I-V 
curves  for  the  DBRTD  in  Fig.  5.  The  dotted  lines  in  the  NDR  region 
represent  discontinuous  jumps  in  the  cunent  caused  by  switching  into  or  out 
of  the  oscillation  region  shown  by  the  solid  line  in  the  middle  of  the  NDR 
region.  The  dashed  line  is  a  phenomenological  fit  that  represents  the 
expected  form  of  the  I-V  curve  in  the  absence  of  oscillations.  The  theoreti¬ 
cal  curve  is  based  on  the  stationary-state  model  of  Sec.  4.2. 

Fig.  7.  Theoretical  I-V  curves  for  a  GaAs/AlQ420aojgAs  DBRTD  at  77  K  based  on 
the  stationary-state  model  with  three  different  scattering  parameters:  F^  = 
0.0,  4.0,  and  20.0  meV. 

Fig.  8.  (a)  77-K  I-V  curve  for  the  GaAs/Alo^2Gao^8As  DBRTD  having  Fg  =  4 

meV. 

Fig.  9.  Group  velocity  of  an  electron  in  the  F-valley  of  GaAs  as  computed  from 
the  theoretical  band  structure. 

Fig.  10.  Small-signal  equivalent  circuit  of  the  DBRTD. 

Fig.  1 1.  Load-line  diagram  of  a  DBRTD  used  to  compute  the  10  to  90%  risetime  for 
switching  from  the  peak  point  to  the  valley  point 

Fig.  12.  Cross-sectional  diagram  of  rectangular  waveguide  circuit  used  to  generate 
oscillations  with  the  DBRTD  up  to  frequencies  of  712  GHz.  The  blowup 
shows  a  side  view  of  a  DBRTD  mesa  with  top  whisker  contact 

Fig.  13.  Comparison  of  experimental  and  theoretical  oscillation  results  for  two 
DBRTDs.  The  thick-barrier  device  has  two  5.0-nm-thick  Alo42Gao5gAs 
barriers  and  a  S.O-nm-thick  GaAs  quantum  well.  The  thin  barrio’  device 
has  two  1.4-nm-thick  AlAs  barriers  and  a  4.S-nm-thick  GaAs  quantum  well. 


Fig.  14.  Experimental  oscillation  results  for  some  of  the  fastest  DBRTDs  fabricated 
from  three  different  material  systems. 

'ig.  15.  (a)  Experimental  I-V  curve  of  a  low-currcnt-density  DBRTD  containing  two 

4.4-nm-thick  AlAs  barriers  and  a  S.S-nm-thick  InQ33Gao.47As  quantum  well 
(b)  Experimental  differential  conductance  and  susceptance  (imaginary  part 
of  the  admittance)  vs  frequency  for  the  device  in  (a)  at  a  bias  voltage  in  the 
PDR  regoin  at  1.40  V.  Experimental  conductance  and  susceptance  at  a 
bias  voltage  in  the  NDR  region  at  1.72  V. 

Fig.  16.  (a)  Experimental  setup  for  electrooptically  driven  DBRTD  switch  with  elec- 

tooptical  sampling  of  the  resulting  waveform,  (b)  DBRTD  switching 
waveform  measured  by  electrooptical  sampling. 

Fig.  17.  Schematic  diagram  of  technique  used  to  measure  microwave  noise  power  of 
DBRTD.  The  dashed  box  contains  the  equivalent  noise  circuit 

Fig.  18.  (a)  Experimental  77-K  I-V  curve  of  a  GaAs/Alo  4263058 As  DBRTD  having 

a  S.O-nm-thick  quantum  well  and  5.0-nm-thick  barriers,  (b)  Experimental 
shot-noise  factor  of  DBRTD  in  (a)  measured  at  a  frequency  of  1.0  GHz. 

Fig.  19.  (a)  Cross-sectional  view  of  a  quasioptically  stabilized  DBRTD  oscillator  for 

operation  in  the  millimeter-  and  submillimeter-wave  regions,  (b)  Experimen¬ 
tal  power  spectrum  of  quasioptically  stabilized  DBRTD  oscillator  operating 
at  210  GHz. 

Fig.  20.  (a)  Simulated  current  waveform  through  a  DBRTD  having  a  perfectly 

antisymmetric  I-V  curve  and  driven  by  a  sinusoidal  voltage  having  ampli¬ 
tude  greater  than  Vp.  (b)  Power  spectrum  of  the  current  in  (a)  for  a 
voltage-waveform  frequency  of  4.25  GHz. 

Fig.  21.  (a)  Load  line  presented  by  a  DBRTD  to  a  heterostructure  field-effect 

transistor,  (b)  Transfer  characteristic  of  the  logic-level  inverter  based  on  the 
load  line  in  (a). 


FIG.  1 


DISTANCE  (nm) 


(sd)  3mu3jn  31V1S  QNnoaisvnD  isuu 


FIG.  2 


BARRIER  THICKNESS  (A) 


T  =  300K 


FIG,  3 


VOLTAGE  (V) 


FIG.  4 


(A8)  A9U3Na  nVIlNaiOd 


PIG.  5 


POSITION  (nm) 


(M 


OO 

6 


<0 

o 


o 


o 


o 

o 


(VUI)  lN3UUn3 


FIG.  6 


VOLTAGE 


7 


VOLTAGE  (V) 


FIG.  7 


.2  0.4  0.6  0.8  1.0  1.2 

VOLTAGE  (V) 


1.4 


FIG.  8 


FIG.  9 


KINETIC  ENERGY  (eV) 


POWER  (pW) 


10  100  1000 

FREQUENCY  (GHz) 


FIG.  11 


FIG.  12 


»- 

fiC 

O 

X 

(0 

o 

< 

m 


tft 

oi  ^tn 

<  £  < 
■■  «  ' 


As 

. 

M 

< 

m  ^ 

<  o  < 
8 

o 

c 

fig.  13 


OHMIC  CONTACT 


FREQUENCY  (GHz) 


(cJU9  S)  33NVld39SnS 

S  8  § 


(^IU>  s>  30NVXd39SnS 
§  8  8  § 


8  I  “  °  8  f  f 

(j.uio  s)  iONVionoNOO  (j.ui3  s)  aoNvionoNOO 


(^.uid  s)  aONVlOnCNOO 


S 

CO 

< 

S 


« 


(^.UIO  V)  AUSNSa  INBUUnO 


FIG.  16 


TAT 


SHOT-NOISE  FACTOR  CURRENT  (mA) 


VOLTAGE  (V) 


SCANNING  SPHERICAL  REFLECTOR 


FLAT 

REFLECTOR 


STABILIZING 

ABSORBER 


1/e  LOCUS  OF 
TEK^MODE 


WHISKER-CONTACTED 

RESONANT-TUNNELING 

DIODE 


TO  SPECTRUM 
ANALYZER 


SEMICONFOCAL  RESONATOR 


PIG.  19 


RELATIVE  POWER 


0.4 

0.2 

0 


-0.2 


-0.4 


0.1  h 


0.01 


0.001 


0.0001 


•  THEORY 
O  EXPERIMENT 


O  © 


(b) 


3  S 

HARMONIC  NUMBER 


FIG.  20 


CURRENT  (mA) 


CURRENT  (mA) 


TABLE  L  Theoretical  oscillator  characteristics  for  DBRTDs 


Jp  (A  cm"*) 

G/A  (mS 

OA  (fF  urn"*) 

ti  (ps) 

f„«  (GHz) 

Reference 

Iiio^jGao^^^As/AlAs 

2.5x10^ 

-11 

1.3 

0.2 

932 

[106] 

5.0x10^ 

-15 

1.5 

0.1 

1280 

[85] 

GaAs/AlAs 

1.5x10^ 

-6 

1.5 

0.1 

555 

[24] 

1.3x10^ 

-5 

1.3 

0.3 

468 

[25] 

TABLE  n.  Theoretical  Switching  Time  for  DBRTDs 


Jp  (A  cm~^) 

Jp  -  Jy  (A  cm 

•  Vv-Vp(V) 

S  (10‘2  V  s-‘)  tR  (ps) 

Reference 

AlAs 

2.5x105 

2.2x10^ 

0.60 

1.7 

1.5 

[106] 

S.OxlO^ 

3.3x105 

0.25 

2.2 

0.5 

[85] 

GaAs/AlAs 

1.5x10^ 

4.3x10^ 

0.30 

0.29 

4.5 

[24] 

1.3x105 

7.8x10^ 

0.40 

0.60 

2.9 

[25] 

